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A bstract
Formation and transformation characteristics of different kinds of magnetite were studied 
extensively in this work. Magnetites containing various amounts of cation deficiencies were 
characterized using magnetization data, lattice parameters, and Infrared Absorption 
Spectrophotometry. It is shown that a-Feo0 3  nucieaies in y-FeoOs during the oxidation 
process of magnetite. Relative defect contents of several laboratory synthesized as well as 
field samples were obtained and correlated to their ER patterns.
Stability criteria of magnetite formed under atmospheric conditions were probed into 
utilizing laboratory fog tests and it was concluded that in wet/dry cyclic testing continuous 
wetting or wetting in excess of 90% of the cyclic time produces magnetite in the oxide formed 
on steels, whereas drying in each cycle in excess of about 15% of the cyclic period produces 
defective magnetite as the dominant iron oxide phase present in the rust. It was concluded 
that magnetite is not stable in an oxidative environment and it transforms (oxidizes) to 
defective magnetite or to y—Fe2 0 3 , but appeared not to y-FeOOH.
Thick magnetite electrodes obtained from bridge corrosion products were studied in 
potentiodynamic polarization experiments. During oxidation magnetite was found to 
passivate at pH levels of 4.G,7.0,and 10.0 and passivation breakdown was found to occur at a 
potential around +1200 mV (SCE).
Finally, coating of a steel with a phosphate layer using 50% phosphoric acid was found to 
result in a reduction of oxidative weight gain by 56% and 16% at 750 °C and 925 aC, 
respectively, for a 100 hour oxidation. The samples formed scales containing FeO, Fe3 0 4 , 
and a - F e 2 0 3  in successive layers from the metal side, all of them showing preferred 
orientation (PO) in the untreated cases, about 70% FeO with (111) PO, about 20% Fe304 
with (400) and (333) PO's, and about 10% a —FeoOs with (006) and (10,10) PO's. Presence 
of a subzone in the spinel region having y— Fe2C>3t atop FC3O4 , immediately below a — 
FeoOS, could also be documented. Application of the results obtained to practical situations 
which would require stabilization of magnetite and prevention of its phase transformation 
through passivation are outlined.
C H A PT E R  1
1.1. IN T R O D U C T IO N
MAGNETITE is an iron oxide phase o f composition Fe3 0 4  that forms under very 
many different experimental and field conditions. Magnetite forms on steels in high 
temperature water and is o f interest to the power generating industry because of its adherent 
and protective nature. A ir oxidation of iron and steels at high temperatures results in the 
formation of magnetite in various amounts depending on the temperature and partial 
pressure o f  oxygen present. Magnetite is responsible for the type o f corrosion called 
"denting". Denting is the term used to describe the localized tube diameter reduction that 
occurs when the carbon steel tube support corrodes to the point at which corrosion 
products formed fill up the space between the tube support plate and the tube, develop 
pressure and deform the steam generator tubing [1]. Steel manufacturers usually develop 
much thinner magnetite scale layers in blue-finished or black-coated steels for the purpose 
o f temporary protection (up to one or two years) against atmospheric corrosion. Magnetite 
is known to be present at the rust-steel interface in sheet type o f rust layers formed on 
w eathering steels during atmospheric exposure. Under fast oxidative experimental 
conditions in a foggy atmosphere, magnetite is seen to form on the surface of both alloyed 
and unalloyed steels.
In all o f the above cases, considerable amounts of defects are associated with these 
magnetite layers. Understanding several features of magnetite, exact mechanisms of 
formation o f different types o f magnetite, their transformations, amount o f defects present 
in each type, electrochemical characteristics (in the case o f atmospheric magnetite) and 
interaction o f magnetite with selected anions (present as inhibitors, such as phosphate, 
obtained through reaction with phosphoric acid) formed the motivation of this project. In 
the following sections, an introduction to the various aspects o f magnetite (crystal 
structure, physical properties, defects, etc.) will be given. Following chapters deal with the
l
2experimental procedures (Chapter 2), results obtained and discussions (Chapters 3-6), 
cumulative discussion (Chapter 7), and conclusions arrived at (Chapter 8).
1.2 CRY STA L ST R U C T U R E  AND M O R PH O L O G Y  O F M A G N E T IT E
Magnetite has the cubic, inverse spinel crystal structure, with a lattice parameter o f 
8.391-8.397A [2-8]. In the inverse spinel form, 8 of 16 Fe^+ ions are positioned at the 
tetraheral (A) sites and the octahedral (B) sites are occupied by the remaining 8 Fe^+ and 8 
Fe^+ ions. Normal spinel form of magnetite would have the 8 Fe^+ ions at the tetrahedral 
and all the 16 Fe^+ ions at the octahedral positions. Figure 1 shows the arrangement of 
ions in a unit cell o f Fe3 0 4  and the positions o f iron cations in both the octahedral and 
tetrahedral interstices in the lattice of oxygen anions. Thirty two oxygen atoms per unit cell 
are located in close-packed planes with an ABC-ABC sequence along the <111> direction. 
Iron atoms occupy the octahedral and tetrahedral sites as shown in Figure 2.
In the most defective form, the structure has only 21 1/3 total Fe-ions (all Fe^+) per 
unit cell, distributed at random among the 8 tetrahedral and 16 octahedral sites occupied. In 
such a case the composition becomes Fe2 0 3  and the defective spinel is referred to as 
maghem ite (Y-Fe2 0 3 ). Accordingly y -F e203  and Fe3 0 4  are easily interconvertible. 
Therefore, careful oxidation of Fe3C>4 yields y-Fe203 .which is converted back into Fe3C>4 
upon heating in vacuo at 250°C. Figure 3 shows the bond distances and angles in 
magnetite and maghemite, adapted from reference 8 .
It is known that a low concentration o f oxygen must be present to provide a protective 
coating o f magnetite in the primary coolant system of atomic power stations [9]. Usually 
hydrazine is used to rem ove excess dissolved oxygen in the cooling water, before it gets 
transferred to the system . The normal, protective magnetite, which form s in pure 
deoxygenated neutral solutions, has a characteristic double layer morphology. The scale 
consists of an inner, thin and continuous magnetite layer, coating the tube surface, and an 
outer layer o f precipitated magnetite and metallic copper [10]. Bianchi, et al. [11] observed
laminated magnetite consisting of many layers of compact magnetite (primary magnetite) 
and many layers o f incoherent magnetite (secondary magnetite) alternatively superimposed. 
These scientists believe that the corrosion o f iron in the active state in chloride containing 
solutions yields FeCl2  as the corrosion product and gives rise to the weakening o f adhesion 
o f the magnetite layer grown on the corroding metal.
Figure 1: Crystal structure of Fe3 0 4 . Large open circles: Oxygen ions at (idealized) 
32-fold position; sm all black circles: Fe^+ at 8-foid position (interstices between 4 
oxygen): only one o f these ions is visible; medium-sized hatched circles: 16-fold 
position, containing both Fe^+ and Fe^+. (From reference 72)
4O O xygen
G  Octahedra l positions 
©  Tetrahedral positions ^
Figure 2: Ion positions in the spinel (Fe2 + *Fe2 3 + 0 4 ) unit cell. The shaded circles
represent Fe2+ ions (tetrahedral) and the black circles represent Fe3 + . (From reference 
7,page 95)
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Figure 3: Bond distances (A) and angles in magnetite and maghemite. (From reference 8)
5Generally, magnetite crystals are octahedrally shaped with a 4mm diagonal edge [12- 
13]. Booy and Swaddle [14] also reported the formation o f octahedral magnetite crystallites 
upon hydrothermal decom position o f iron (II) or iron (III) am inopolycarboxylate 
complexes . Sapieszko and E. Matijevic [15] produced magnetite under hydrothermal 
conditions on the surface o f both stainless steel (AISI 304) and iron. They also found the 
shape characteristic o f magnetite to be octahedral with dimensions o f up to 25 mm. 
According to their results magnetite formed in the following solutions
1 - 0.2 M HEDTA (N - (2 - hydroxyethyl) - ethylene - diaminetriacetate
2 - 0.2 M TEA (triethanolamine) + 1 . 2 M  NaOH
3 - 0.2 M HEDTA + 1.2M NaOH
4 - 0.2 M TEA + 1.2 M NaOH + 0.85 M N2 H4  (Hydrazine)
5 - 0.2 M HEDTA + 1.2 M NaOH + 0.85 M N2 H4
6  - 0.2 M HEDTA + 0.85 M N2H4
on the surface of iron under hydrothermal conditions. They specifically noted that 
magnetite formed in solutions 1 and 6 were non-adherent. In these solutions, individual 
octahedral magnetite crystallites o f up to 100 mm edge dimension were evident. Particles of 
similar morphology, but small in size, resulted if hydrazine (N2H4 )was present in addition 
to HEDTA. Based on the results of other experiments they indicated that high concentration 
of chloride ion promoted the corrosion of AISI 1018 carbon steel and subsequent formation 
of a particular layer which appeared to be Fe304. They also indicated that the magnetite 
produced by the decomposition o f 0.04M FeCl3 + 0.2M TEA + 1.2M NaOH + 0.85M 
N2H4  did not deposit on the Fe coupon, and only attached to a limited extent on the 304 
stainless steel and 1018 carbon steel test segments; however, an adherent layer of 
m icrocrystalline Fe3 0 4  particles was present on the Inconel 600 coupon. Effertz [16] 
studied the morphology and composition of magnetite layers in boiler tubes following long 
exposures and concluded that epitaxial layer of oxide scales formed at temperatures of 400 
to 500°C were mostly of coalesced tetrahedral and the scale above 600°C formed coalesced
octahedral columnar crystals. Above 600°C he also showed the nodular formation o f a -  
Fe2 0 3 . M any investigators [10, 12, 15, 17-19] have studied the morphology o f magnetite 
formed under conditions similar to the one existing in boiler tubes. However, no clear 
relationship has been obtained linking protectiveness o f the magnetite films to the 
morphology.
1.3 PH Y S IC A L  P R O P E R T IE S  O F M A G N E T IT E
Magnetite is black in color and has a density o f 4.9 - 5.2 S/Cm3 and has a high electrical 
conductivity among oxide phases (semiconducting) at room temperature (-125 ohm '^cm‘ 1) 
[20-21]. The conductivity increases exponentially with temperature with an activation 
energy o f 0.1-0.2 eV. This oxide is an n-type semiconductor. The conductivity involves an 
exchange or hopping of electrons between neighboring Fe-ions with differing charges. At 
high temperatures the conductivity decreases with increasing deviation from stoichiometry, 
and this is believed to be a result o f the associated change in the relative numbers of Fe^+ 
and Fe^+ ions [22].
Magnetic iron oxides, especially magnetite, have application as magnetic recording 
media. M agnetic recording,invented by Poulsen [23], finds continually increasing 
application in audio, video, instrumentation and computers, and up to 1969 accounts for 
the largest amount o f money spent on magnetic products (in the U.S. about $280 X 10^ 
per annum) [24]. Actually magnetite in the pure form has not been used extensively as 
compared to its polymorph maghemite. There are several different routes (Figure 4) in 
preparing magnetite for these applications and each route results in the formation of the 
oxide with a particular geometrical shape, which affects the magnetic properties o f these 
materials. Table 1 summarizes the physical and magnetic characteristics o f the products 
given in Figure 4. Generally, the saturation magnetization of Fe3C>4 is about 20% higher 
than that o f  y-Fe2 0 3 -
7The particles prepared for use in recording surfaces are always intended to be single
occurs is not at all well defined [24]. Morrish and Yu [25] found that particle shape was
than for spherical particles. Kondorskii [26] showed reversal by magnetization rotation in 
multi-domain particles near the critical size. Particles smaller than a certain critical size 
show superparamagnetic behavior [27]. The diameter o f colloidal particles of ferric oxide 
with examples of superparamagnetic behavior ranges from 20 - 200 A [28]. The range over 
which Y‘Fe2 0 3  and Fe3 0 4  acicular particles show single-domain behavior is roughly from 
0.3 pm  to 2 pm  (particle length).
domains. The size at which the behavioral change between single-domain and multi-domain
important also. The critical size for single domain behavior was larger for circular particles
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Figure 4: Iron oxide reactions. Only those reactions are shown which are relevant to 
the preparation of particles for recording surfaces. (From reference 24)
Table 1 - Magnetic properties or some iron oxide powders.
oxide Os(e.m.u,/g) p(g/cm3) Hc(Oe) Mr/Ms Shape of
particles particles (mm)
Size of Structure of
particles(mm) particles
Ref.
y-Fe203 74 4.6 250-365 0.80 Equiaxed
Acicular
0.05-0.3
l/w=7
1-0.2-0.7
Inverse spinel 
with vacancies 
on a tetragonal 
superlattice: 
a=8.33 A, c/a=3
24
Fe304 84 4.9-5.1 300 0.52
305-335 0.70
350-450 0.70
Equiaxed (natural) 
Acicular 
l/w=7,1=0.2-0.7 
platelets 
l/w=10,w/t =4,1=1
Inverse spinel; 
a=8.3963 A
24
5-FeOOH 22 
a-Fe203 0.57
55 Hexagonal
Platelets
0.6
0.007
Hexagonal; 24
a=2.941, c=4.49A
24
00
91.4 V A R IO U S TY PES O F  M A G N E T IT E
The magnetite phases that have been observed under different conditions on steel are 
classified as different types o f magnetite by the author. Magnetite forms in the scale product 
on steel surfaces when the steel is heated at high temperatures. This magnetite in the scale is 
termed as the high tem p era tu re  m agnetite . It occurs below an a -F e 2 0 3  layer on the 
very top region of the scale and above the FeO layer that is formed at high temperatures 
(above 570°C) close to the metal interface.
When a metal (like Fe) may have varying valence and thus form different oxides, the 
scale may, depending on the oxygen pressure, form a sequence of oxide layers in the scale. 
The most metal-rich oxide will be next to the metals and the most oxygen-rich oxide next to 
the gas phase. When the oxygen pressure is reduced below the dissociation pressure of the 
higher oxide or oxides, only the lowest oxide is formed. Usually the higher oxide forms a 
porous nonprotective scale growing on a compact scale of a lower oxide. Such oxidation 
behavior results in paralinear oxidation kinetics in which parabolic oxidation predominates 
only during initial stages, when the compact scale o f the lower oxide is the main reaction 
product. In the case o f iron, W ustite, FeO is stable only above 570°C and above this 
temperature the oxide scale on iron or steel consists o f Fe0/Fe3 O 4 /F e 2 O 3 layers in 
succession [22]. The m agnetite formed inside boiler tubes is term ed as the boiler  
magnetite. The magnetite phase found at the relatively low room temperature is called 
atm ospheric m agnetite, and the magnetite found in the ground is termed mineral 
magnetite. In addition to these four types o f magnetite, it can be obtained by chemical 
synthesis through suitable chemical reactions (synthesized magnetite! and by enabling 
electrochem ical processes on steel surfaces at suitable potentials (electrochemical 
magnetite]. To the last two types o f magnetite produced in the laboratory, magnetite 
produced in fog chamber in the laboratory (fog magnetite) can also be added. Though 
the fog magnetite will indeed fall under the category o f atmospheric magnetite, it is seldom 
found in nature and, hence, shall be treated as the third laboratory synthesized product.
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Thus there are seven basic types o f magnetite samples that can be brought to study and 
analysis. O f these the atmospheric magnetite, the fog magnetite, and the high temperature 
magnetite samples have been analyzed extensively in this study. The synthesized magnetite 
samples are utilized to a  certain extent and the others are utilized only sparingly.
1.4.1 A tm ospheric  M agnetite
Atmospheric corrosion of high strength low alloy structural steels (HSLA) was most 
recently studied thoroughly by Raman, et al. [29-31] . Results of recent research indicated 
several iron oxyhydroxides including a ,  P, y, and 5-FeOOH in the corrosion products 
formed. So far several observations have been made pertaining to the occurrence of 
magnetite in the atmospheric rust samples. Graham and Cohen [32] state that the magnetite 
was found (through Mossbauer spectroscopy) only in small quantity in the rust obtained 
from mild steel structures. Leidheiser and Music [33] showed that the aged, approximately 
25 years old, rust from the Bethlehem, PA area did not contain any magnetite, but instead 
had overwhelming quantities of y-Fe2 C>3 . Singh, et al. [34] found the magnetite only in 
thick rust samples formed in marine atmospheres. Raman, et al. [29-31], in conformity 
with Misawa, et al. [35-36] and Singh, et al. [34], found magnetite only in thick sheet type 
rust samples on their surfaces which were in contact with the metal, i.e. the magnetite was 
found at the rust-metal interface underneath the y- and 5-FeOOH forms. The amount o f 
magnetite present was also small. Recently, Kihira, et al. [37] in the so called "anomalous 
rust” found crystalline Fe304 and confirmed it by X-ray diffraction. They concluded that 
magnetite forms when the wetting period is excessive and/or accumulated salt is present.
The most referred model for the formation o f magnetite in the atmosphere belongs to 
Evans [38-39]. According to this model, the anodic reaction
Fe —> Fe2+ + 2e" ( 1)
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is balanced by the cathodic reaction of ferric rust to magnetite under wet conditions when 
access of oxygen is limited:
Fe2+ + 8 FeOOH + 2e ' = 3Fe3 0 4  + 4H2 O (2)
or
4Fe2C>3 + Fe2+ + 2e" <=> 3Fe3 0 4 (3)
As the rust dries and is permeated by oxygen, magnetite is reoxidized to the ferric form 
with a net gain of 0.5 Fe2 C>3
Suzuki, et al. [40],who studied the electrochemical properties o f iron rust, concluded 
that once magnetite forms from what they called intermediate phases, it could not be 
oxidized any more by air, Misawa, et al. [35] have also studied the atmospheric corrosion 
m echanism  extensively. Figures 5-6 show schem atically the rusting processes o f 
atmospheric corrosion. According to Misawa's model, the initial corrosion reactions are 
expressed in simplified forms as
3Fe304 + 0.75 0 2  <=> 4.5 Fe2C>3 (4)
or
3Fe3Q4 + 0.75 0 2  + 4.5 H2 O =9FeOOH (5)
Fe —» Fe2+ + 2e_ (anodic reaction)
1/2 O2  + H2O + 2e 2(OH)- (cathodic reaction)
(6)
(7)
In an alkaline solution containing Fe2+, the (OH)“ ions formed by cathodic reaction are 
transferred toward the anode, forming white Fe(OH)2 through the reaction:
Fe2+ + 2(OH)- ->  Fe(OH)2.
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In the same study [35] Misawa, et al, concluded that wet-dry cycling favours the formation 
o f a compact rust layer. In another publication, Misawa, et al. [36] concluded, based on 
FeOOH being a good electrical conductor,that it is also unnecessary to consider that the 
cathodic reduction on atmospheric rusting is not the reduction o f oxygen dissolved in water 
film on rust, but the reduction of ferric rust to magnetite. That rejects the events that are 
stated to take place in the drying periods of atmospheric corrosion mechanism given by 
Evans [38-39]. Misawa, et al. [35] also mentioned that when the aqueous solution on the 
metal surface is neutral or slightly acidic, Fe(0H )2 cannot be formed, but various Fe(II) 
hydroxy complexes may be formed depending on the existing anions in aqueous solution. 
Intermediate Fe2+/Fe^+ hydroxy salts known as green rusts were found as a green color 
intermediate in wet atmospheric corrosion o f Fe [41-42]. Presence o f C1‘ in marine 
atmosphere usually triggers formation of green rust I and SO2  in the industrial atmosphere 
can likewise cause the formation of the green rust II [43-44].
Both o f these green complexes are known to convert to F e 3 0 4  by a slow aerial 
oxidation and to y-FeOOH by rapid aerial oxidation [45]. Lately Tamaura, et al. [46] 
showed that the green rust n  can be transformed into Fe3 0 4  not only by oxidation, but also 
spontaneously without oxidants.
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Several investigators have simulated wet/dry cycling that occurs in the natural 
environm ent inside a closed cham ber and studied the sequence o f rusting in the 
atmosphere. Knotkova - Cermakova, et al. [47] found magnetite in the crevices during 
accelerated testing and they inferred the presence o f  magnetite to be due to insufficient 
drying during the cycles as well as insufficient transport of oxygen into the crevices. They 
found excessive amount of rust in the crevices between the beams and the sheets that were 
almost constantly wet. Also they found no evidence of the crevices being closed off by the 
corrosion products, but rather the sheets were deformed and bulged because of the pressure 
of the corrosion product formation. In earlier laboratory testing [48], the author has 
encountered the magnetite only in the continuous salt fog tests and not in any wet-dry cyclic 
tests. Also, in the field, magnetite was encountered in old highway structures in numerous 
locations in the crevices between gusset plates and beams (Figure 7)[49]. Relative positions 
of connector gusset plates and other parts o f the bridge structure are shown in Figure 8. 
M agnetite was found to have been formed excessively in the crevices and caused 
deformation in gusset plate due to volume expansion of the magnetite phase (Figure 9-10). 
In a similar manner, anchorbolts (Figure 11) showed excessive rusting especially at their 
lowest regions, where due to rust and debris collection more water had been retained and 
led to increased rusting. Severe corrosion and metal loss also on the side plate o f  the box 
area can be seen in Figure 12.
Whether magnetite can form and be stable in the open atmospheric exposure, where the 
oxygen supply is plenty, is not well established. Previous studies on rust samples obtained 
from steel structures corroding in the atmosphere or from steel coupons exposed to the 
atmosphere have not clearly established where exactly the magnetite forms and its stability 
criteria. Therefore, some of these issues shall be attempted to be clarified in subsequent 
chapters.
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Figure 7: M agnetite formed in the crevices between gusset plate and L-beam under 
atm ospheric condition.
Figure 8: A section o f an old M ississippi River bridge in the vicin ity o f Baton 
Rouge, Louisiana showing relative positions of gusset plates and anchor bolts.
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Figure 9: Pack rust in between the gusset plate, partially cut ofT to reveal the pack 
rust in crevice regions.
Figure 10: Formation of pack rust lifts and bends the gusset plate at the free end 
locations and applies tensile stresses on the rivets.
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Figure 11: Pack rust in between the anchorbolt and the side plates of the box in which 
the bolt is sheltered.
Figure 12: Anchorbolt after the removal of pack rust in a sim ilar location as in Figure 
1 1 .
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1.4.2 H igh T e m p e ra tu re  M agnetite
High temperature corrosion resistance of metallic materials results from the formation 
o f protective oxide layers on the surface. The properties o f the oxide layer can be optimized 
to produce a mechanically and chemically stable diffusion barrier through modification of 
the alloy composition, but frequently requirements for protective film formation and the 
bulk mechanical properties of the alloy conflict, so that other means of enhancing protective 
scale formation must be devised. In this connection surface coatings have been developed 
and a well-established technology exists to provide coatings tailored for particular 
applications.
Review o f literature indicates extensive data on boron-based treatments o f iron and 
alloy steels. Boron-containing compounds have been applied to the surface o f steels by 
vapor phase deposition, or directly without any deposition process (i.e. manually through 
application of boric acid on to the metal surface). Rolls, et al. [50] applied H 3BO3 on the 
surface o f Fe and oxidized it at 750-1050°C, whereas Saunders [51] formed B2 O 3 on a 
9C r-lM O  steel and studied oxidation of this material in argon gas(50 mL/min.)at 580°C. 
Roll s ’samples after oxidation were found by XRD and electron probe microanalysis 
techniques to contain vonsenite (Fe3BOs) . This compound was situated as an inner layer, 
40-100 mm thick, which had a granular structure and extensive amount o f voids. Further 
papers [52-53] reported results o f coatings o f Na2B4(>7 and CaB2 0 4  on the oxidation of 
pure Fe for periods o f up to 6  hours. These showed that iron, coated with Na2 B4 0 7 , 
oxidized slower than that coated with CaB2 0 4 , although whether this was due to the high 
boron concentration in the form er coating or due to its lower melting point (700°C 
compared to 1085°C) was not clear. Vonsenite (Fe3B05) was again identified as the boron 
compound formed. Oxidation of these samples indicated parabolic kinetics, with an 
activation energy o f 39 kJ m o l'l ,  which is the same as for uncoated iron under identical 
oxidation conditions [52]. Simms, et al. [54] studied the influence o f boric acid coating on 
the oxidation o f 2.25 C r-lM o steel in oxygen and concluded that the presence o f boron
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m odifies the grain structure o f the magnetite layer formed, giving a fine equiaxed 
microstructure with less porosity,
Hendry [55] showed that surface nitriding o f a mild steel enhanced its oxidation 
resistance in a simulated boiler flue gas atmosphere. Similar improvements in oxidation 
resistance was found also by Coates, et al. [56] for nitrated mild steel, iron, Fe-Mo, and 
Fe-Cr laboratory alloys. The improvements in oxidation resistance were attributed to the 
refinement in oxide grain size. The scale formed on nitrated specimens was also more 
adherent to the steel due to lack of condensation of vacancies at the metal-scale interface.
No data are available on the effect of phosphate coatings on oxidation of steels. This is 
studied in this work.
1.5 D E F E C T S  IN  M A G N E T IT E
Protectiveness of the magnetite is controlled by the amount o f defects, such as 
vacancies. Defect-free magnetite is rarely seen and, in fact, the very exact stoichiometric 
composition Fe3 C>4 is an exception rather than the one generally encountered. Defects 
produced in magnetite are the metal (cation) vacancies. How much defect is present in a 
given sample is of considerable interest. Cation vacancies cause the composition of 
magnetite to shift from the stoichiometric value (Fe3C>4) to other non-stoichiometric ones 
and the formula may accordingly be written as Fe3_x0 4  [57-59].
Kroger and Vink [60] defined the notation to describe defects; that is, the type of 
imperfection is indicated by a major symbol, the location is described by a subscript, and 
finally the charge of the defect relative to the normal lattice is indicated by a superscript. In 
this notation, if  one assumes that the defects and the di-and trivalent Fe-ions are distributed 
statistically over the available sites, the formation of Fe- vacancies may be written as:
8 F e J2  + 2 0 2  = 3 VFe + 8 F e f \  + 4 Oq2 (10)
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and the defect equilibrium is given by
(U)
If one sets [V pe] = the fraction o f the total Fe-sites which are vacant= ^,w here 
x=fraction o f Fe^+ ions with respect to total cation sites available that get oxidized to 
Fe^+state, and assumes that the vacancies are distributed randomly over all the Fe- 
sites so that there are two Fe^+ type ions for each Fe^+ vacancy, then one obtains
N i £ ]  = £  (1 - 3x) and [ f = |J ]  = |  (1 + x ) ([2)
Furthermore, i f  one assumes that the oxygen sublattice is undisturbed, the equilibrium 
expression can be written as
=K[p° 2]2a
( 1 - 3 x )8 /3  21 (1 3 )
the above relationship shows proportionality o f the defects in magnetite with partial 
pressure of the oxygen present in the environment at which magnetite is grown.
The nonstoichiometry of magnetite has been studied by Dieckmann [61] in the 
temperature range between 900 and 1200°C using almost single crystalline samples. 
According to Dieckmann’s terminology, 5 was defined as deviation from stoichiometry in 
Fe3-504 and further he showed 5 to be the difference between the concentrations of cation 
vacancies and iron interstitials per lattice molecule (® = t^F el Figure 13 shows
values o f 5 as a function o f the oxygen activity for 1000°C. The point defect concentrations 
resulting from Figure 13 are represented in Figure 14.
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1.6 SY N T H E SIZ ED  M A G N E T IT E  PR EPA R A T IO N S
Magnetite can be synthesized by different routes. Regazzoni, et al. [62] have prepared 
magnetite through six different procedures. According to their method, 5cm^ o f 40% 
NaOH, when added to a solution containing 3g of FeS0 4 *7 H 2 0  at 22°C in an inert 
atm osphere provided by bubbling purified N2 , results in the formation o f ferrous 
hydroxide. This ferrous hydroxide is further calcinated under N2  for 5 hrs. at 500°C to 
result in magnetite formation according to the following reaction,
3Fe(OH) 2 ----------------» Fe3 0 4  + 2  H2O + H2 (14)
In another reaction, they synthesized magnetite through controlled oxidation o f ferrous 
chloride solution in ammonia solutions. In this preparatory method, addition of N2H4 
(hydrazine) to ferrous chloride solution precipitated ferrous hydroxide. After precipitation 
o f Fe(OH)2 , KNO3 was added and the solution was kept stirred at the boiling temperature 
for 1 hour. Similar controlled oxidations in urea solutions (NH2 >2 CO, instead of N2 H4
solution, resulted in the formation o f magnetite also. They also formed magnetite directly
from acidic solutions containing Fe(II) and Fe(III) ions. In this process, to a solution 
containing 6 x 10 '2  mol dm '3 Fe(ClC>4)2  and 3x10 '^  mol dm"3 Fe(C104)3  in 1 M NaCl,
NaOH solution (2 mol dm '^) was added dropwise until pH values in the range 6-7 were 
achieved. The black solid thus obtained was collected and washed as usual. Temperature 
for this reaction was kept constant at 80°C.
Magnetite could also be obtained by the reduction of hematite (a -F e2 0 3 ). Usually 
goethite (a-FeOOH) is prepared through wet chemistry and dehydrated to form hematite 
[63]. Reduction o f hematite at high temperatures (above 400°C) in a H 2 atmosphere causes 
the formation of magnetite [64-65]. Sapieszko, et al. [66] synthesized magnetite through 
rapid crystallization o f hematite by hydrothermal aging of a-Fe2 0 3  in highly alkaline media 
containing hydrazine. In their experiment, hematite particles were suspended in highly
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alkaline solutions containing N 2 H 4  either in the presence or in the absence of 
triethanolamine (TEA), and then aged at 250°C for 1 hr. Ardizzone, et al. [67] also 
prepared and characterized magnetite having different stoichiometric compositions, as will 
be described in detail in the next chapter.
1.7 FO R M A T IO N  O F M A G N E T IT E
For a better understanding of the complicated process o f formation o f compounds in 
Fe-H2 0  system, the thermodynamic treatment of the subject must be considered. Table 2, 
provides the standard free energies o f formation of magnetite and other oxyhydroxides of 
iron. The relationship between thermodynamically stable region o f each species and end 
products can be determined with the aid o f their AF°'s. Figure 15 shows the potential-pH 
diagram for the Fe-H 2 0  system at 10" ^  mol/L of dissolved iron species, in which a -  
FeOOH, y-FeOOH, and Fe3 0 4  are considered to be in equilibrium with Fe(OH )2  at 25°C 
[68 ]. According to Misawa, et al. [68], the formation o f Fe3 0 4  in aqueous solution o f iron 
species at room temperature can be classified into two processes, namely the slow aerial 
oxidation (as) o f green rusts and the neutralization of mixed Fe(II)i - Fe(m )2 solution. In a 
solid phase transformation they represented the process as
a
Fe(OH)2
(hexagonal)
* green rusts 
(hexagonal and 
cubic components)
* Fe304
(cubic)
•t dissolution 
a
Fe(OH)+ ------------ » green complexes ■» green 
rusts
■» Fe3Q4
M isawa, et al. also believe that magnetite forms through the dehydration o f F e(II)i-
Fe(III)2 -(OH)6 complex.
[Fe (OH )3]2 • Fe2+ + 2(OH)~----------------> Fe3 0 4  + 4 H 20  (15)
[Fe (OH)3]2  • Fe2+ = Fe(II) 1 - Fe(III)2  * (OH)6
(16)
A schematic diagram of the formation process of magnetite in relation to other intermediates 
and oxyhydroxides of iron in an aqueous solution at room temperature is given in Figure 
15. Structural relationship and compositional variations (Fe^+Aotal Fe contents) o f 
different iron oxides and oxyhydroxides, adapted from reference [43], are also given in 
Figure 16.
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Figure 15: Potential-pH diagram for F e-H 20  system at 0.1 mole/L o f dissolved iron 
species, in which a-FeO O H , y-FeOOH and Fe3C>4 are considered to be in equilibrium  
with Fe(OH)2 at 25°C. (From reference 35)
Table 2: Crystal structures of oxides, oxyhydroxides and hydroxides of iron.
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fo rm ation ; o -M n O j 
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F etribydrile
(Fe5O ,jH 0)
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so lu tion  of ferrous ions.
3 -F e .O j H exagonal 5.10 4.42 -A B -(li)
y -F e iO j C ubic 8.350 -ABC'-(c) Defective spinel with 
2.67 cation  v aean tirs /u .c ,
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Figure 16. Structural transformations in the iron oxide/hydroxide system (From 
reference 43)
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1.8 MAGNETITE TRANSFORMATIONS
1.8.1 Oxidation of Magnetite
Enormous amounts o f information are available in the literature concerning the 
oxidation of magnetite to other higher iron oxides (maghemite and hematite). Following is a 
brief summary o f more prominent ones. In 1925, W elo, et al. [69] oxidized Fe3 0 4  
(prepared by using ferrous and ferric salts in stoichiometric proportions) in oxygen at 
220°C and noticed the color change from black to "a dark red". They noticed that all ferrous 
ions had been oxidized to ferric and concluded that they had converted Fe3 0 4  to Fe2 0 3 , 
The new oxide was still magnetic and showed the same X-ray diffraction pattern as the 
magnetite. When they heated this product at 550°C in nitrogen, the product lost its 
magnetism and its structure changed to that of hematite (a-Fe2 0 3 ).
In 1931, Thewlis [70], reported the crystal structure o f "ferromagnetic Fe2 0 3 " 
prepared by heating y-FeOOH for two hours at 400°C. He compared XRD photographs of 
Fe3C>4 and"ferrom agneticFe2 0 3 ". He, by analogy with Y-AI2O3 , gave the name y-Fe2 0 3  
to the trivalent ferromagnetic oxide.
In 1935, Hagg [71], oxidized water-free Fe3C>4 with a unit cell edge length o f 8.38 A 
in oxygen for one hour at 300°C and obtained a reduction of lattice parameter to 8.322 A. 
By incomplete oxidation at lower temperatures, he obtained "homogeneous spinel phases" 
with compositions between Fe3 0 4  and Fe2 0 3 . Based on decrease in density, he postulated 
the presence of vacancies in the structure and explained the decrease in F e :0  ratio. He thus 
arrived at a composition which could be represented as Fe2 .6720.33 C>4 > in which the 
Fe2+ of the original Fe3 C>4 has been replaced by 0.67 Fe^+ and 0.33Z (whereZ represents 
a vacancy). Verwey [72] reached the same conclusions and stated that "the density of y- 
Fe2 0 3  cannot be determined accurately since the oxide cannot be freed from H2 O without 
the formation o f a-Fe2 0 3 ".
In 1955, Schmidt, et al. [73] studied the behavior o f magnetite on heating using 
differential thermal analysis and concluded that natural magnetite goes through two stages
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of oxidation on being heated in air. In the first stage, a surface oxidation to hematite, and in 
the second stage a complete oxidation also to hematite occur. They state that formation of y- 
Fe2 0 3  was not detected at any stage. Gheith [74] in 1952, observed similar stages of 
oxidation for synthetic magnetite, but he indicated the formation of y-Fe2 C>3 in the first 
stage and inversion from y-Fe2C>3 to a-Fe2 0 3  in the second stage.
In 1957, Lepp [75] undertook a parallel investigation and concluded that
1. 4  Fe3 0 4  + C>2 —» 6 y-Fe2C>3; commencing at approximately 200°C and 
culminating at about 375-400°C.
2 . y-Fe2 0 3  —> a-F e2C>3 ; starting at about 375°C and probably terminating at 525 
to 550°C.
3. 4 Fe304 + O2  —» 6 a-Fe2C>3 ; starting at 550 to 575°C.
In 1956, David, et al. [76] concluded that y-Fe2 0 3  could not be prepared by dry 
oxygenation o f pure Fe3C>4 and showed that water is necessary for the stabilization o f y- 
Fe2C>3 . They showed that dry oxidation o f Fe3 0 4  at 185°C-370°C formed a-Fe2C>3 and no 
y-Fe2 C>3 was obtained. By contrast, the oxidation, under identical condition, o f "wet" 
Fe3C>4, prepared through aquous precipitation, resulted in the formation o f y-Fe2 0 3  over 
the entire temperature range from I80°-500°C. They used accurate measurements o f lattice 
constants and the characteristic appearance with the y-Fe2C>3 o f weak extra reflections in 
the XRD pattern to distinguish between Fe3 C>4 and y-Fe2 C>3 , The "wet" aspect o f the 
magnetite was shown to be based on water firmly bonded in the lattice structure o f the 
Fe3<34 rather than existing as adsorbed water.
In the same year, Healey, et al. [77] investigated the surface of a ferric oxide powder 
by water adsorption and calorimetry and found that part of the surface chemisorbed water 
could be released only by heating at temperatures of about 450°C. Their results seem not to 
confirm the previous author’s results [76]. Generally, it is believed that in magnetite 
powders prepared through wet chemistry, it is more than likely that the particles contain 
water either from the solutions in which they form or as adsorbed water [78], However,
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natural magnetite in the form o f bulk samples does not contain water [78], Elder [79] also 
indicated that small particle size and the presence o f water are necessary for the formation 
o f y-Fe2 0 3 .
Colombo, et al. [80] used thermogravimetric, XRD, and differential thermal analysis to 
investigate the mechanism o f oxidation of magnetite and concluded that the transformation 
o f magnetite is a two-stage process. They indicated that a solid solution o f y-Fe2 C>3 in 
Fe304 always forms in the first stage. Solid solution formation results from adsorption of 
oxygen and its ionization by the electrons supplied by the oxidation o f Fe2+ to Fe3+. This 
is followed by a diffusion of ferrous ions from the inside of the crystals o f magnetite 
toward the surface, leading to the formation of a solid solution of y-Fe2 C>3 in Fe304- Since 
the precipitated particles have a defect structure comparable to natural magnetite, the 
diffusion rate o f iron ions is high and oxidation proceeds rapidly until the conversion to y- 
F e2(>3 is complete. In their further study [81], they concluded that there is a single 
mechanism for the oxidation of all magnetite. They also indicated that the transformation of 
the magnetite during oxidation is a topotactic process. A topotactic transformation (like the 
martensitic transform ations) is characterized by internal short range atomic displacement, 
even with the loss o r gain of part o f material, so that there is accord in three dimensions 
between the initial and final lattices [82].
In 1965, Bloom, et al. [83] postulated the possibilities of the substitution o f vacancies 
and/or proton for Fe atoms in a structure based on a cell, and obtained a series of structures 
which could be characterized by the following formula
zw * H+x - (Fe2+)24-3w-2x • (Fe3+)48+2w+x O96
where zw = num ber o f vacancies, and x = number o f protons. They believe 61 different 
arrangements, with a decreasing ratio o f Fe2+/Fe3+ from 0.50 to zero, are possible.
Gallagher, et al. [84] have reported a mechanism for the oxidation o f magnetite to y- 
Fe2C>3 based on cationic diffusion. According to this mechanism, the particle size o f 
magnetite sample plays the most important part Particles smaller than 3,000 A oxidize to y- 
Fe2 0 3 , whereas in the larger particles spontaneous nucleation of a-Fe2 0 3  occurs because 
of lattice strain and the oxidized specimens yield hematite. Colombo [85] repeated the 
experim ents performed by G allagher and concluded that all magnetites (natural or 
laboratory synthesized) oxidize to solid solution Fe3-X0 4 , and therefore, a-Fe2C>3 is never 
directly formed. Colombo further indicated that the reaction rate depends on the grain size 
and, even more, on the degree of lattice disorder. Disordered samples, he noted, oxidize 
readily to y-Fe2 0 3 , It is believed, when nuclei o f a -F e 2 0 3  are present, there are two 
competing processes: the formation o f Fe3-X0 4  and the autocatalytic growth the a-Fe2 0 3 . 
In a disordered sample, y-Fe2 0 3  forms after 2-3 hours at 220°C, but if  the sample is 
ordered, the growth of a-Fe2 C>3 becomes the chief process.
In 1978, Gillot, et al. [86] showed that oxidation of magnetite yields y-Fe2 0 3  for sizes 
less than 5,000 A and the rhombohedral phase of a -F e 2 0 3 , for sizes above 10,000 A. 
They concluded that for intermediate sizes, oxidation kinetics and X-ray analysis have 
confirmed that the y  • Fe2 0 3  forms at the beginning of the reaction, followed by the phase 
a -F e2 0 3  forming from y-Fe2 0 3  and then directly from the still-unoxidized magnetite. 
Sidhu [87] used synthesized magnetite prepared according to the technique described in 
reference [88] to study the oxidation of maghemite to hematite and showed that at 500°C 
pure maghemite (formed from oxidation of magnetite) was completely altered to hematite in 
3 hr, whereas maghemites containing small amounts (< 1 %) o f  Co, Ni, Zn, Cu, Mn, Al, 
V and Cr required much longer heating times.
1.9 SUMMARY AND MOTIVATION FOR THIS WORK
Magnetite (Fe3 0 4 ) is probably the most studied form of iron oxide. It has attracted 
great deal o f attention because o f its applications. ’ These range from the protection of interior
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surfaces o f boiler tubes made o f carbon steel, that is o f interest to power generating 
stations, to the production o f magnetic recording media, such as magnetic tapes and 
diskettes used for computers, and to the preparation o f iron oxide electrodes of alkaline 
energy storage batteries.
Magnetite forms under many different experimental and field conditions. For example, 
.magnetite can be artificially synthesized through wet chemistry in the absence of oxygen. It 
also forms through electrochemical processes on the surface of iron or steel. Reduction of 
higher oxides o f iron like hematite at high temperatures in the presence o f hydrogen also 
leads to the formation of magnetite. Natural magnetite (or maghemite) forms geologically as 
well as on the surfaces o f structural steels that are weathered for long exposure times in 
atmosphere [89]. High temperature dry oxidation o f steels also causes the formation of 
magnetite.
Depending on the history o f the formation of a particular magnetite sample, a certain 
amount of defect (cation vacancy) is associated with the sample. Characterization of defects 
(amount o f cation vacancy) in different forms of magnetite was one o f the objectives of this 
work. Additional work is performed on understanding the mechanism o f formation and 
transformation o f magnetite under atmospheric conditions. Conflicting theories exist on this 
m atter (specifically Evans' and M isawa's models for atmospheric corrosion of steel). 
Obviously, the prevalent mechanism is not well understood. This issue is dealt with further 
in this work, A large quantity o f  information is available on the electrochemical 
characteristics of thin films of magnetite formed under laboratory conditions on steel in 
electrochem ical cells. Very little or nothing is known regarding the electrochemical 
characteristics of thick magnetite layers formed on the surface o f steel exposed to natural 
atmospheres and their stability or transformation characteristics.
At high temperatures, acidic rust stabilizers like boric acid are known to react with 
magnetite and improve the high temperature corrosion resistance of ferrous alloys. Nothing 
is known about the effect of phosphoric acid inhibitor and its interaction with magnetite 
formed at high temperature. This aspect is also looked into in this work.
CHAPTER 2
EXPERIMENTAL PROCEDURES
2.1 Common Characterization Techniques Used
2.1.1 X-ray Diffraction (XRD)
Powder or metallic samples were exposed to C uK a (wave length 1.5406 A) radiation 
in a fully computerized Phillips Diffractometer, model 3720, with an APD software. 
Diffraction angles (20), in the range 10-95° that cover most o f the characteristic angles 
corresponding to peak positions o f iron oxides, were recorded at the rate of 1 degree per 50 
seconds in 0.02 degree step size. Precise lattice parameter calculations were carried out 
manually by minimizing the differences between the calculated and observed sin^S values 
of peak positions to less than 0.0005. The calculated lattice parameters are judged to be 
accurate to ±  0.005 A.
2.1.2 Infrared Absorption Spectrophotometry (IRAS)
The KBr pellet technique was used to prepare the powder samples for analysis. In this 
technique, about lOmg of a finely ground powder sample was mixed with enough spectral 
grade potassium bromide powder and the mixture was pressed in a die at about 40,000 psi 
to produce a transparent disk o f about 1 mm thickness. Potassium bromide was quite 
plastic and formed a clear disk. IR absorption patterns o f the specimens were taken in the 
wave number range 200 - 2000 crrr 1 in a Perkin-Elmer Infrared Spectrophotometer, model 
283.
2.1.3 Scanning Electron Microscopy (SEM)
Alm ost all samples taken for analysis in this study were electrically conductive. 
Samples were mounted on an aluminum stub using silver paste and analyzed using an ISI- 
60A scanning electron microscope with an energy dispersive X-ray analyzer (EDAX) 
attachment.
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2.2 Preparation of Magnetite Samples for Chemical Defect Studies
2.2.1 Synthesis of Magnetite with Controlled Amount of Defects
Magnetite samples having different amounts o f point defects were synthesized in the 
laboratory using a procedure given by Ardizzone, et al. [67], According to this procedure 
m agnetite was precipitated by the reaction at 85°C o f ferrous ammonium sulfate 
[Fe(NH4)2 (S0 4 )2 ]and hydroxylamine sulfate [(NH3 0 H)2S0 4 ],as given by:
3Fe2+ + NH3 0 H+ + 3H2O -»  Fe3C>4 +  NH4+ + 6H+ (17)
in which hydroxylamine undergoes a two-electron reduction. In different experiments the 
ratio between the reduced and the oxidized species was progressively increased starting 
from 0.33 (the stoichiometric value of 1 hydroxylamine ion per 3 ferrous ions calculated on 
a molar basis from the above reaction). Buffer solution used in this experiment was 1M and 
0.1 M sodium acetate (AcONa) with pH  of 6.5-8.0. Extremely pure (puratonic) ferrous salt 
containing <0.005 wt.V. Fe^+ and certified hydroxylamine and sodium acetate were used. 
Solutions were prepared with triply distilled water.
Reactions were performed in 1 dm^ spherical flasks. Service necks allowed for (a) 
flushing with high-purity N2([C>2] <0.1 ppm by volume) and (b) dissolving the reactant 
[Fe(N H 4)2(S04)2 and (NH3 0 H)2 SC>4 ] in the buffer after purging with N2- The buffer 
solution containing hydroxylamine sulfate and the dry salt were charged separately in the 
reaction flask, which was stoppered and degassed with N 2  for at least 18 hours before the 
beginning of the run. To ensure the oxygen exclusion from the N2  gas used, two efficient 
oxygen scrubbers were placed in the N2  path before its passage into the reaction vessel.
The oxygen scrubbers were prepared in accordance with the procedure given by Meites 
[90] who used it for polarographic analysis. The ferrous salt was dissolved in the 
electrolyte and after a standard standing time at room temperature (30 minutes) the reaction 
flask was immersed in a large-volume water bath,preheated to 85°C. During the hearing,
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the reaction was maintained under a slow stream of N2  passing through the solution. A 
standard heating time of 2 hours was selected. At the end of the reaction, the flask was 
cooled by immersion in an ice water bath, before being dried under a reduced pressure in a 
desiccator. Dried samples were then subjected to X-ray diffraction and IR analysis.
2.2.2 Oxidation of Magnetite through Heating
Commercial magnetite (purchased from Johnson Matthey, Inc.-AESAR) was heated in 
air at 150, 300, 500, 600 and 700°C for different times. All heatings were carried out in 
preheated furnaces calibrated for and maintained automatically-controlled at suitable 
temperatures with ±  2°C accuracy. Powder samples were removed according to a pre­
determined schedule and studied by X-ray diffraction, IR spectrophotometry, and magnetic 
testing,
2.3 Experiments Pertaining to Atmospheric Magnetite
2.3.1 Chamber Study
The fog chamber tester used for this test consists of a large chamber with a saturation 
tower, and an atomizer produces a fog. The fog is propelled by compressed air at 15 psig. 
Plain water is kept in a reservoir at the bottom of the chamber. Water is pumped through 
the atomizer and because of the atomization pressure, water gets converted to a fog and 
wets steel coupons during the wetting period. For drying, a blower,which was set opposite 
to the air draft outlet, was used to blow warm air and create the drying action. Passing of a 
water mist or fog or of a warm air draft for drying was achieved by solenoid valves which 
were under automatic control of a timer switch. The cabinet and the specimens were heated 
to 120°F continuously in part of the experiments. Continuous wetting as well as drying in 
30 minute cycles o f different wet/dry proportions (28 minutes wetting, 2 minutes drying; 
25 minutes wetting, 5 minutes drying; 20 minutes wetting, 10 minutes drying) were used. 
At the end of 85, 237, 400 and 1000 cycles, corrosion products on steel coupons were
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collected and analyzed with X-ray diffraction and IR spectroscopy. Two types o f steels 
were used in laboratory studies-an ASTM A36 mild steel and a high strength low alloy steel 
(Kawasaki Riverten,compositions are given in Table 3). Selected samples were also 
analyzed using scanning electron microscopy.
Table 3: Chemical compositions of the mild and low alloy steels used.
Type o f Steel C Si Mn P  S Cu Ni Cr Mo V
Mild Steel (A36) 0.26 -  1.0 0.04 0.05 0.2 ......................................
Low Alloy Steel 0.08 0.34 0.39 0.082 0.008 0.27 0 .20 0.47 ~
(Riverten-R)
2.3.2 Analysis of Field-Magnetlte Samples
Rust samples were carefully removed from pack corroded areas o f an old Mississippi 
river bridge located (on US 190) in Baton Rouge, Louisiana. Samples were removed by 
cutting open edges of the gusset connector plates. Figure 17 shows the bridge structure and 
many gusset plates behind which large amounts of rust are present between these plates and 
the L-beams which they join. A mechanical saw was used to cut the edges of some of the 
plates past the rivets joining two adjacent L-beams. Other samples were collected from 
semi-boxed areas around an anchorbolt, where pack rust was found to have formed in the 
space between the bolt and the side plates (Figure 18). These samples were brought to the 
laboratory and subjected to X-ray diffraction, IR spectrophotometry and scanning electron 
microscopy.
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Figure 17: A section of M ississippi River bridge located (on US 190) in the vicinity
o f Baton R ouge, LA show ing relative positions o f  gusset p lates, L*beams and  
anchorbolts (see also Figure 8).
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Figure 18: Boxed area used to house the anchorbolt showing extensive corrosion or
anchor bolt.
2.4 Experiments Pertaining to High Temperature Oxidation
Coupons o f steel samples o f both the A-36 and Kawasaki Riverten varieties mentioned 
previously were cut to size 50 x 25 x 1.5 mm, acid pickled in a 10% HC1 solution, fine- 
ground in a  series o f grinding papers up to 600 grit, cleaned with tap water and stored in 
methyl alcohol. Samples were removed, dried and later immersed horizontally into an 
aqueous solution of O-phosphoric acid (PA) (5, 25, 50 and 85% by vol.) for 5 minutes, 
removed and allowed to dry over a day in ambient air, kept in the horizontal position on 
two glass rods. The dried PA-treated samples were then weighed and thereafter placed 
vertically in a preheated furnace at a suitable temperature (750, 825 and 925°C) for different
39
periods o f time (1 to 150 hours). Samples were removed periodically from the furnace and 
either air-cooled or quenched in water or in phosphoric acid solutions o f  different 
concentrations. The dried specimens were again weighed to ascertain the weight gain. The 
original surface coatings as well as the scale formed were analyzed using X-ray diffraction, 
(in thick scales as well as in powdered samples), IR spectrophotometry, scanning electron 
microscopy and energy dispersive X-ray spectroscopy. W hen oxide stripping was 
necessary, a chemical procedure using an anhydrous solution o f iodine in methanol was 
employed.
2.5 Experiments Pertaining to Electrochemical Characterization of 
Magnetite
Potentiodynamic and polarization tests were performed to study the oxidation and 
reduction processes on the surface of atmospheric magnetite (pack rust) samples obtained 
from bridge sites, mentioned in the previous section 2.3.2.
2.5.1 Potentiodynamic Polarization
Potentiodynamic tests were performed with an EG&G PAR Model 273 Potentiostat /  
Galvanostat equipped with a model 273/95 Electrometer and the Head S tan  Creative 
Electrochemistry Software.
The standard four electrode assembly was used in all tests with two carbon counter- 
electrodes, a saturated calomel electrode in a Luggin capillary and the magnetite sample as 
the working electrode. The working electrode was a small chunk of bulk magnetite cut to 1 
x 1 x 0.25 cm and mounted in cold, air-hardenable resin with one large face exposed to the 
exterior. The working electrode surfaces were prepared using the ASTM  standard 
procedure for electrochemical testing, (G-5) [91]. Specimens were ground up to 600 grit 
size on SiC grinding papers. A 0.1 M solution o f K2SO4  as well as a 0.1 M solution of 
NaCI were used for comparison o f reduction and oxidation processes on the magnetite
electrodes in the sulfate and chloride solutions. All solutions were made from reagent grade 
chemicals and deionized distilled water. The sulfate solution is to simulate the electrolyte 
that can be formed in an industrial environment, whereas the chloride solution should 
represent an electrolyte in a marine atmosphere. In order to study the mechanism of 
reduction o f magnetite, concentrations of ferrous and ferric ions in solution were analyzed 
using the polarography technique. Changes (transformations that take place) at the electrode 
surface were monitored by the aid o f X-ray diffraction. Following is a brief description of 
the polarography technique.
Differential Pulse Polarography (DPP) is a trace analysis technique with extremely high 
sensitivity. This technique is the most reliable method for the measurement o f ferrous and 
ferric ions in a solution. Many investigators [92-94], have previously used this technique 
for iron determinations in geochemical and process analysis samples. Varma [95] has used 
this technique for corrosion study o f palladium in pyridine-hydrochloric acid media. To 
study ferrous and ferric ion contents of corrosion products o f iron-based metals, sodium 
pyrophosphate (Na4P2<>7) is known to be the best complexing agent. In a solution of this 
set, Fe(III) pyrophosphate reduces at a more negative potential than ferrous pyrophosphate. 
The pH o f the electrolyte must be adjusted to 9.0 for optimum results. Strict oxygen 
exclusion is very crucial in polarographic analysis. For this purpose, oxygen scrubbers, 
were employed suitably. Equipment used for polarographic experiments was the EG&G 
PAR Polarographic Analyzer - Model 383, the PAR Model 303 Static Mercury Drop 
electrode assembly and a chart recorder. Blank subtraction, tangent fit, peak location and 
concentration functions were used by the pre-programmed polarographic analyzer for 
calibration curves. In each case, fresh supporting electrolyte was used. Blank sample was 
made up of the 0.1M pyrophosphate. Figure 19 shows calibration curve used for the 
measurement of ferrous and ferric ion contents obtained by using standard electrolytes.
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Figure 19. Calibration curves for ferrous and ferric ion measurements in electrolytes 
o f electrochem ical testings.
CHAPTER 3
CATION DEFICIENCY IN MAGNETITE (Fe304) PRODUCED DURING 
ITS TRANSFORMATION TO MAGHEMITE (y-Fe203) AND HEMATITE 
(a-Fe2 0 3 )
3.1 INTRODUCTION
Magnetite is a well known form of iron oxide that forms both at room temperature in 
crevices between steel plates at bridges [49] due to atmospheric corrosion and at high 
temperatures inside boiler tubes, heat exchangers, etc. [96-99]. A polymorph o f this 
magnetic oxide, maghemite, has also applications in modem magnetic recording media 
[100-101]. Therefore an understanding of the mechanism of phase transformation of 
magnetite in an oxidation process is of great interest. The oxidation product o f magnetite is 
either maghemite (y-Fe2 0 3 ) or hematite (a-Fe2 0 3 ) depending on the oxidation temperature 
and or possibly crystallite size o f  the starting magnetite [63, 86,89, 102-103]. There is 
considerable difficulty in differentiating between magnetite and maghemite using X-ray 
diffraction [69, 70]. M ossbauer spectroscopy (MS), on the other hand, can be used to 
clearly differentiate these two polymorphs from one another [67, 104]. However, a 
Mossbauer spectroscope is neither readily available in most laboratories, nor is it easy to 
use. On the other hand, an infrared spectroscope that is available in most laboratories is 
fairly easy to use and can provide valuable informations in this regard. It is the purpose of 
this chapter to show several features seen in the IR spectra o f the oxidized magnetite 
samples and to correlate the fine variations seen in their IR absorption bands to the degree 
o f oxidation o f the samples. Saturation magnetization and precise lattice parameter 
measurements by X-ray diffraction were also used to evaluate defect contents and correlate 
to infrared spectroscopic patterns developed.
M agnetite is a mixed valence iron oxide containing both Fe^+ and Fe^+ ions in an 
inverse spinel structure. In each unit cell o f magnetite, there are 32 oxygen ions located in 
close packed planes, Fe3+ ions occupy 8 tetrahedral interstitial sites, and 16 octahedral
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interstitial sites are occupied in equal proportion by the remaining 8 Fe^+ and 8 Fe^+ ions. 
However, magnetite, if it were in the normal spinel structure, would have 8 tetrahedral sites 
occupied by 8 Fe^* ions and 16 octahedral sites occupied by 16 Fe^+ ions [105]. On the 
other hand, maghemite obtained by oxidation of magnetite in vacuum has the same spinel 
structure but contains 21 1/3 Fe^+ ions and 8/3 cation vacancies per unit cell. Magnetite 
also is said to have a defect structure with a narrow range of composition, the Fe:0 ratio of 
which varies from 0.75 to 0.744 [8]. This variation in composition causes a variation in the 
lattice parameter "a" from 8.397 A to 8.394A for pure magnetite. In the y-Fe2 0 3  structure, 
the 8/3 cation vacancies are present in one of two ways [106], either distributed randomly 
throughout the tetrahedral and octahedral sites o f the lattice o r confined only to the 
octahedral positions o f the lattice. y-Fe2 0 3  is also a defect structure with the Fe:0  ratio in 
the range 0.67 to 0.72. This variation in composition produces a range o f "a" varying from 
8.33 to 8.38 A [8], Literature review indicates varied opinions o f  the scientists as to 
whether magnetite oxidizes directly to hematite or goes through m aghem ite prior to 
formation of hematite. While some [69, 107-109] believe maghemite does not form in the 
oxidation process, others have enough experimental evidence to ascertain that magnetite 
oxidizes to hematite via maghemite [88 ,110-115]. The results of this work, to be described 
later, are in conformity with those of the latter.
3.2 RESULTS AND DISCUSSION
Table 4 presents the values of the lattice parameter "a" m easured from the X-ray 
diffraction patterns of different oxidized samples. As indicated earlier, this lattice parameter 
decreases from 8.396 A for pure magnetite to 8.336 A for y-Fe2 0 3 . Intermediate values of 
"a" indicate partial oxidation o f magnetite in these samples. IR spectra o f  partially oxidized 
samples are given in Figures 20-23. Saturation magnetization data o f  these oxidized 
samples are plotted in Figure 24.
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Generally, the vibration spectrum o f a spinel phase is expected to exhibit 4 IR active 
bands [110]. Magnetite in particular usually exhibits two strong bands at 570 (vj) and 390
(V2 ) cm~l (Figure 20.a). According to Ishii, et al. [ I l l ]  these bands can be assigned to Fe-
O stretching mode of the tetrahedral and octahedral sites for the v j band at 570 cm~l and
Fe-O stretching mode o f octahedral sites for the band at 390 cm- *, provided that Fe3+
ion displacements at tetrahedral sites are negligible. The V3 mode that is seen at 268 cm** is
mainly due to the motion o f Fe^+ ions at the tetrahedral sites against those of the octahedral 
sites and V4  mode corresponds to O-Fe-O bending mode o f the tetrahedral and octahedral
sites, usually seen at 178 c m 'l  [8]. IR spectral variations could also be assigned to the 
bond length change between Fe-O of the tetrahedral and octahedral sites as magnetite is 
oxidized to maghemite. The bond length o f Fe-O in octahedral sites of magnetite is 2.06A, 
while that in maghemite is 2.05 A. In tetrahedral sites, the Fe-O bond length is 1.87 A for 
Fe3 0 4 , whereas that in y*Fe2 C>3 is 1.86  A [8].The strong vjband of magnetite at 570cm"l,
if sharp, indicates the purity level and the presence of very small amount of defects.
The lattice parameter from the XRD pattern of the commercial magnetite has a value of
8.392 A, that is close to the lattice parameter o f defect-free magnetite (8.396 A). The small
reduction is assumed to be due to the presence o f a small amount o f cation deficiency. The
calculated value for this deficiency content is 0.179 cation vacancy/unit cell, and a value of
0.167 can be assigned for this phase. Continuous heating of the same sample at 150°C, for 
different lengths of times, resulted in the splitting of both v j and V2  bands (Figure 20 b-d).
Also both bands broadened as the heating was prolonged. The lattice parameters of the 
spinel phase in these samples showed a continuous reduction indicating incorporation of 
continuously increasing cation vacancy in the lattice. Literature data indicate a value of 
8.336 A for the lattice parameter of y-Fe2 0 3 . The magnetite sample heated for 10 months at 
150°C gave a value o f 8.342 A and this result suggests the formation o f a defective spinel 
phase close to maghemite. Saturation magnetization value of 74 emu/g obtained for this 
sample (Figure 24) corresponds also to that o f a phase close to maghemite.
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IR spectra of magnetite samples heated at 300°C showed gradual disappearance of V2
along with the formation of a new band at 430 cm-1. After 293 hours at this temperature, 
V2  was completely removed (Figure 21 -d). The width of the Vj band was even larger than
that for the samples heated at 150°C. This could be due to a larger amount of cation
vacancies in the lattice, or poor crystallinity. Closer examinations o f these spectra also 
indicate a reduction in the intensity of v j and strengthening of a band at 630 c m 'l. This can
lead one to conclude that the peaks at 630 and 430 cm- * are from those of y-Fe2C>3 being 
formed. Thus the gradual broadening o f the v j  and V2  bands, their shifts, and their
eventual splitting leading to formation o f bands corresponding to those o f y-Fe2C>3 can be 
inferred to be due to gradual oxidation o f  the Fe^+ ions and subsequent incorporation of 
cation deficiencies in the lattice. A small further reduction in the stable saturation 
magnetization o f the samples (upon heating at 300°C) to about 65 emu/g (Figure 24) could 
be inferred to be due to near complete transformation o f Fe3C>4 to y-Fe2 C>3. The saturation 
magnetization values for the defective magnetite samples with defect contents close to that 
of y-Fe2 0 3  are somewhat less than the maximum value of 74 emu/g for y-Fe203 given in 
the literature (Table 1,chapter 1) and this could be due to fine grain size of the defective 
spinel phases. Both the XRD and IR spectra o f the samples heated at 500°C for 1 hour 
showed the presence o f trace amounts o f a-F e203  along with possibly y-Fe2 C>3. Complete 
conversion of y-Fe2C>3 to a -F e 2 0 3  was not seen even after 125 hours at this temperature 
(Figure 22 a-e). IR patterns o f samples heated for longer periods showed the presence of 
a -F e203  and magnetization results convincingly prove strong presence of y-Fe2 C>3 even 
after 125 hours o f heating (the saturation magnetization of a -F e 2 0 3  is about 1 emu/g 
(Table 1), that o f the sample is about 40 emu/g, still high). In order to detect the maximum 
temperature at which a -F e 2 0 3  formation could possibly commence directly from 
magnetite, heating was continued at higher temperatures. Results o f heating at 600°C and 
700°C (Figure 23) show the presence o f small amounts o f y-Fe2C>3 and larger amounts of 
a-Fe203. The much reduced magnetization values (Figure 24) are in conformity with these.
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At 700°C, from its IR pattern, a sample appeared to be almost completely transformed 
to a -F e 2 0 3  within about 5 minutes. It is worth noting that at 600°C, even after 5 
hours o f heating, considerable amount of *y-Fe2 0 3  was still present, as indicated by 
its saturation magnetization data (Figure 24). Its magnetization value was still high, 
23 emu/g, indicating the presence o f considerable maghemite along with hematite. 
Heating for 5 minutes at 700°C reduced the saturation magnetization to 49 emu/g and 
ultimately to 8.5 emu/g after 2 hours at 700°C. These values indicate the prevalence 
still of trace amounts of maghemite, or a magnetic phase in the latter sample.
A calculation o f the activation energy o f the phase transformation was attempted 
by considering the time, t, required for magnetite powder to develop a particular value 
o f m agnetization (74 emu/g in this case) upon heating at different temperatures, 
namely 432°K and 573°K (150°C and 300°C). Figure 24 was used to estimate the 
times needed for transformation and the molar activation energy was calculated using 
the equation
P p  ^  F J l  |
Q = 1.987 * J  2 * 2.302 log J - 
2  '  T 1 x2
where the temperatures T  j and T 2 are in degrees Kelvin and the activation energy Q is in
cal.mole. While it takes about 56 hours to reduce the magnetization o f magnetite from 84 to 
74 emu/g at 423°K, about a 4 hour heating o f  magnetite at 573°K results in a similar 
reduction in saturation magnetization o f the powder corresponding to the value of a 
defective magnetite. Using these data, the activation energy is 8.5 kcal./mole(caIcuIated 
from the lattice parameter and reduction in unit cell volume)for the transformation of 
magnetite to an intermediate spinel form with a  cation vacancy content of about 1.82 per 
unit cell (or about 11 vacancies per 6  unit cells). Reaction (14) was repeated for several 
ratios (R) o f  NH 3 0 H +/Fe2 + from 0.33 to 1.0. According to this reaction, 3 moles o f 
ferrous salt mixed with 1 mole o f hydroxylamine should precipitate ideal magnetite with no
defect. Other proportions with less Fe^+ content give rise to spinel phases with defects
[67]. IR patterns for some representative specimens obtained through chemical synthesis
are given in Figure 25 c-f. Table 4 indicates the R values for the different samples involved
along with the calculated, tentative amounts of cation vacancy contents (given in
parenthesis) in these samples. Sample c was prepared in 0.1 M sodium acetate buffer
solution and samples d-f were prepared in the 1M buffer solution. Acetate anions are
reported to affect the formation and crystallization of magnetite in different ways [88 , 112].
Some authors [113-114] believe that the oxygenation of ferrous ions in neutral solutions is
accelerated by acetate in comparison with other anions (phosphate, sulphate, or chloride),
IR spectra in d-f indicate a continuous increase in the defect contents o f these samples 
inferred from the shift of v j from 570 to 600 cm- *. The band also has shifted from 390
to 430 c m 'l .  Similar shifts in IR bands were observed by Gillot, et al. [115] who studied
the IR spectra o f Al and Cr substituted magnetites, Gillot and his co-investigators showed 
that both the broad V] and bands o f magnetite are gradually replaced by the four
characteristic bands o f normal spinels. White, et al. [110] relate these shifts in v j  and
bands to the inverse-normal disorder taking place. The very wide band for sample f  is
an indication o f poor crystallinity o f the sample due to excess of hydroxylamine.
In this study, the v j and absorption bands in the far IR region below 1,000 c m 'l
have been found to show different degrees o f broadening, splitting and shifts indicative of 
different degrees of defectivity in different magnetite specimens, either synthesized or 
heated at different high temperatures for different lengths o f times. The reduction in 
saturation magnetization values as well as in the lattice parameter of the spinel phases 
observed could be correlated to a certain value of cation deficiency content. Studying the 
broadening and shifts in the bands of various specimens and from a knowledge of the 
cation vacancy contents derived for a few specimens (from their lattice parameters and 
reduction in unit cell volumes), the spectra could be arranged in an orderly manner with 
steadily increasing defect (cation deficiency) content. The order of arrangement o f the
various patterns in Figure 25 (A to J) correlates to slowly increasing vacancy content. Table 
4  has the values o f the cation deficiency content for the cases determined from lattice 
constants (open values) and also the approximate tentative vacancy contents (in parenthesis) 
for a few other cases, assigned approximately from the broadening shifts seen in the IR 
patterns (arranged in the progressive manner as explained earlier). The values of vacancy 
content in the synthesized samples are tentative due to the lack of precise lattice constants 
(owing to the possible incorporation o f impurity elements such as Na in the lattice) and 
presence o f trace amounts of other phases, which could have influenced the spectra.
A vacancy content of 2 2/3 per unit cell in y-Fe2 0 3  would amount to 8 vacancies per 3 
unit cells. The vacancy content can be considered to steadily increase from 0 in Fe3 0 4  in 
steps o f 1 per 3 unit cells to 8 per 3 unit cells in Y*Fe203* This implies that there can be 9 
different spinel forms with cation deficiency contents varying from 0  to 8 in steps o f 1. 
However, the cation deficiency contents o f about 1.82 and 2.11 derived for couple of the 
spinel phases (Figure 25 G, H) indicate a further possible subdivision of the defect content. 
In these cases it has to be inferred a fractional value of n = l /6  is possible and that there are 
11 cation vacancies in 6  unit cells in the former and 13 in the latter. This would mean a 
maximum vacancy content of 16 in six unit cells for y-Fe2 0 3 . It is possible that the cationic 
vacancy content steadily increases in steps o f 1 vacancy distributed in 6 unit cells from 1 to 
16, i.e. there can be 16 different defective spinels possible with different vacancy contents 
and different patterns along with that o f the defect-free magnetite. In this study, at least 10 
different patterns for the spinels in the range Fe3 C>4 - y-Fe2 C>3 seem to have been 
encountered and recorded (Figure 25).
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Table 4: Cationic vacancy contents of several laboratory synthesized and field samples 
calculated from measured lattice parameters ("a") and the assigned values of vacancy 
contents per unit cell (IR spectra shown in Figure 25)
Sam ple Preparation L attice C a t i o n  V a c a n c y  Nearest
M ethod Parameter Content Per Unit Cell approx-
(A ) Calculated from "a" im ate
V alue
A ssigned
A Lab. Synthesized 8.392 0.171 0.167
FC3O4 (R=0.33)*
B Boiler Tube Corrosion Product 8.387 0.40 0.330
C Lab Synthesized 8.379 0.75 0.670
Fe304 (R=0.50)
D “ (R=0.66)   (1.00)**
E +  " (R=0.83) -—  (1.33)**
F+ "(R=1.00) (1.730)** (1.67)**
G Magnetite heated at 8.353 1.820 1.83
300 °C for 4 hours
H Magnetite heated at 8,349 2.110 2.16
150 °C for 3 months
I Magnetite heated at 8.342 2.420 2.33
150 °C for 10 months
J Commercial maghemite 8.336 2.670 2.67
* R represents the weight ratio o f hydroxylamine to ferrous ions used in the 
preparation of magnetite with varying stoichiometry of samples.
** Values within parenthesis represent inaccurate, but approximate values.
+ Samples E and F had trace quantities o f unidentified contaminant phases.
CHAPTER 4
M A G N E T IT E  FO R M ED  ON S T E E L  SU R FA C ES UNDER A T M O SP H E R IC  
C O N D IT IO N S AND IN  A T M O SPH E R E -SIM U L A T E D  LA B O R A TO R Y  FO G  
T E S T S
4.1 IN T R O D U C T IO N
Since 1983, a study has been underway at LSU on the atmospheric corrosion of 
weathering steels in several bridges in the state of Louisiana. Results o f extensive 
investigations indicate the presence of magnetite as one of many constituents of rust. 
Generally, in the open atmosphere, magnetite forms at the metal-rust interface of thick rust 
and on top of this spinel phase other oxyhydroxides, mainly y-FeOOH and 8 -FeOOH, 
form depending on the pH of the condensate from the environment. Natural atmospheres 
are generally classified as industrial, rural, and marine and the degrees o f coiTOsiveness of 
these environments vary.
Air pollution and humidity are certainly major factors involved in excessive corrosion 
of high strength low alloy (HSLA) steels used in atmospheric applications. The agents that 
have been identified with corrosion can be listed as sulfur dioxide (SO2 ), hydrogen sulfide 
(H2 S), ammonia (NH3), nitrogen oxides (NOx), and sodium chloride (NaCl) [116], One 
would expect a high concentration o f SO2 , NOx, and NH4  in industrial type atmospheres, 
whereas NaCl is the major source for C l' in the marine atmospheres. In rural type 
atmospheres, where most of these pollutants are absent, atmospheric corrosion is not as 
severe as in the other environments. Continuous wet conditions contribute to severe 
corrosion.
Packing corrosion (so designated by the structural engineers, because the rust packs 
itself in the space between two adjacent steel surfaces, at the crevices) is one o f  the 
important corrosion problems encountered in bridges in the state o f  Louisiana. In old 
bridge structures, where this problem exists at numerous locations, a basic understanding 
of the problem and its severity need to be gained and simple methods of protection devised.
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It is not known, for example, whether the rusting process is still in progress and, if so, at 
what rate. Evans [117] states th a t" the crevice will seal itself and the action will stop if  the 
rivets and bolts holding the plates are sufficiently strong". This may be the case in many 
instances. A recent study by Knotkova-Cermakova, et al. [47] found magnetite in the 
crevices of weathering steel ("Atmofix") in accelerated laboratory tests simulating 
atmospheric exposure conditions, which "indicated insufficient drying during the cycles as 
well as insufficient transport o f oxygen into the crevices". However, practically nothing is 
known on the structure of the rust at the crevice locations in open atmospheric structures, 
its formation and growth characteristics, and the methods for the control of the corrosion 
process at such hidden locations.
W et/diy cycling is known to be a major factor in accelerating metallic corrosion [118- 
121]. In cyclic testing, different combinations of wetting and drying periods were used by 
different investigators. Smith [118] used cyclic rate o f 4 cycles per hour with 4 minutes of 
rain and 11 minutes o f warm air drying during each cycle, by which an acceleration factor 
o f about 100 was achieved. Haynie, et al. [119] used 40 minute cycles including 20 
minutes of drying time. Results of their work showed corrosion of weathering steel to be a 
linear function of time. In all o f the above studies each wet/dry cycle was considered to be 
equivalent to about one day outdoor exposure. Leidheiser, et al. [121] studied effects o f 
wet/dry cycles on the structure o f the rust and showed that the ferrihydrite that initially 
formed was converted slowly to y-FeOOH, a-FeO O H , and y-Fe2 t>3 . Grossman [122]
analyzed the effect o f temperature in a closed chamber on rust formation and concluded that 
without heat flow no serious rusting occurs; however, the presence o f high humidity and 
heat flow into a chamber caused rapid rusting.
Conflicting theories exist in the literature concerning the mechanism o f atmospheric 
corrosion of HSLA steels. Specifically, it is not known whether magnetite that forms 
during wet periods o f the wet/dry cycles would oxidize to y-FeOOH or not. In general, 
formation criteria for magnetite in the atmospheres on the surfaces o f steels are not known.
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While some indicated that magnetite is a constituent of rust formed in the atmosphere, 
others indicated the presence of y-Fe2 0 3  [33] or y-FeOOH [31] or y-FeOOH + 5-FeOOH
[29] instead. It is the purpose o f this chapter to clarify these issues. Continuous and cyclic 
water fog tests, as described in chapter 2 , were utilized to obtain information regarding the 
crystal structure o f the first rust that forms in a simulated laboratory test and its 
transformations to magnetite, or other oxides or hydroxides. The long term phases formed 
in such cyclic fog tests, particularly the transformation of magnetite, are also investigated.
4.2 R E SU L T S AND D ISC U SSIO N
In highway bridges several hundreds of gusset plate joints between adjoining beams 
prevail, as shown in Figures 8 and 17, where the rivets used for joining the gusset plates to 
the beams are located at more than six inches away from the edges o f the gusset plates. As 
a result, crevices with large surface areas exist between the flat gusset plates and the beam 
surfaces. Such crevice areas were originally not cleaned and painted, and, as such, were 
exposed to the rusting conditions right from the beginning of the bridge construction. Even 
if painted, these crevice areas will not be held protected for a long time by the paint coating, 
as these areas are likely to become less noble and more corrosive compared to the rest o f 
the open plate or beam areas, due to the lower oxygen supply.
However, as explained earlier, there are hundreds of such jo ints in each existing old 
bridge structure, mostly in vertical configuration, where such rusting is common. Figure 9 
shows the pack rust in the narrow gap between the two L-beams behind the gusset plate 
whose edge has been cut off to remove the rust. The photograph does not show the pack 
rust that has been removed in the triangular area between the removed gusset plate end and 
the beam.
Removal o f the rust and subsequent cleaning o f the metal surface showed likewise the 
extent o f dam age on the anchorbolts. Loss o f about 10% in bolt diam eter has been 
observed, especially at their lowest regions where, due to rust and debris collection, more
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water has been retained and has led to increased corrosion. Severe corrosion and metal loss 
could also be observed on the side plates of the box. Figure 12 (chapter l)shows the extent 
of corrosion seen in an anchorbolt.
Besides causing the metal loss, the packing of rust in the narrow gap or crevice regions 
leads to stressing and bending of the plates, Figure 10 (chapter 1), and accumulation of 
tensile stresses on the rivets. These stresses generally exceed the elastic limit of the steel 
plates and cause permanent bending. Figure 10 (chapter 1) shows a case where the 
maximum bending encountered at the comer edge of the gusset plate at a distance 5 in. 
from the nearest rivets and 6 in. from the edge tack weld was about 1/2 in. The plastic 
nature of the deformation is clear after the removal o f the rust from these crevice areas. The 
stresses developed, if allowed to become large, would cause rupture of the rivets (which 
also corrode) at the crevice locations. Several isolated cases of such rupturing of rivets have 
been reported [123]. To eliminate high stress levels, current design calls for locating the 
rivets o r bolts within 1.5 in. from the edge of joining plate such that pack rust formed 
would be minimum and not exert too much of a stress on the bolts. High strength bolts are 
expected to accommodate such resultant stresses. Other design guidelines are briefly 
described in references [124-125],
Adequate cleaning and painting are not possible inside the crevice areas where the pack 
rust is located. Also the cleaning and painting around the periphery are not able to stop the 
progression o f the packing corrosion inside the crevice. Stresses developed in the 
continued rusting process rupture the decking paint layer at the edges. Such rupturing of 
freshly painted areas could be seen within as little as few weeks. In highly wet areas it is 
found that the rust stays wet, which means that the rusting process could still be 
progressing, leading to potential failure of the joints.
Samples o f pack rust brought to the laboratory and subjected to various analytical 
procedures analyzed mainly as Fe3C>4 along with some a-FeOOH. The IR technique
clearly identified magnetite, Figure 26(A), in one sample which has been removed from
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regions close to the rivet, well within the packed areas, far away from the edges. Rust in 
such hidden regions, away from the edge, probably gets less oxygen and hence shows 
more magnetite. X-ray diffraction patterns of the rust samples, a representative of which is 
shown in Figure 27, show dominant peaks o f magnetite (with a=8.39 A) along with weak 
peaks o f a-FeO O H . A proportion o f about 90% magnetite and 10% oc-FeOOH can be 
deduced for the sample shown in Figure 27. In some samples, both a-FeO O H  and y- 
FeOOH have been found on the air-side of the rust, while magnetite was found on the other 
side, at the metal-rust contact surface.
The sheet pack rust is mostly magnetite in make-up, Figure 26(A). However, air 
exposed regions indicate the presence of large amounts o f a-FeO O H , Figure 26(B). The 
pack rust sample taken from the bolt area analyses mostly as a-FeO O H  with some 
magnetite, Figure 26(C). A certain amount o f incomplete crystallinity or defect structure 
can be inferred for a-FeOOH, based on the fact that the IR absorption peaks are broad and 
the lowest intensity o f the peak at 790 cm-* is much above the lowest intensity of the peak 
at 885 cm**.
SEM photographs from representative locations o f the rust samples supplement the 
findings from XRD and IR analysis. Figure 28(a) shows magnetite with a dense layered 
structure, while Figure 28(b) shows magnetite mixed with a-FeO O H  (plates showing 
flower-like patterns). The flower-like pattern of a-FeOOH is evident in the nesty or foam­
like morphology seen in Figure 28(c). This is in the pack rust from the boxed area 
containing the anchorbolt, wherein the rust is able to aerate more freely. The sheet-type rust 
showed in some locations a powdery rust (Figure 28(d)) on its surface. Several other 
observations o f  cloudy or cotton-boll-like microstructures that have been made in this 
powdery rust leads to the inference that amorphous or incompletely crystalline a-FeOOH is 
also present [126]. This has been suggested by some IR patterns as well, as explained 
earlier.
It is known from studies on denting corrosion that the rust that is formed in the space 
between the steel support plate and the outer tube surfaces or between the tube and the tube 
sheet in heat exchanger tube bundles in power plants is made up o f magnetite which 
occupies a volume roughly two times the volume o f the steel converted to this form o f rust 
[127] and that this volume expansion in a restricted space leads to plastic stresses and 
denting (constriction) of the tubes [117, 128]. Thus the occurrence of magnetite in the 
crevice areas between two adjacent steel surfaces can be expected in cases where the 
oxygen availability is low. However, whether magnetite can form, grow and be stable in 
open atmospheric conditions where the oxygen supply is plenty is not well established. 
Previous studies on rust samples obtained from steel structures corroding in the 
atmosphere,or from  steel coupons exposed to the atmosphere, have not clearly estab­
lished where exactly magnetite form s,nor could its stability criteria be determined. 
Several observations have been m ade pertaining to the occurrence o f magnetite in 
atm ospheric ru st sam ples. For exam ple, Graham  and Cohen [32] state that the 
m agnetite was found only in sm all quantity in the rust obtained from mild steel 
structures. Leidheiser and Music [33] showed that the aged, approximately 25 years 
old rust from the Bethlehem, PA area did not contain any magnetite, but instead had 
overwhelming quantities of y-Fe2 C>3 . Singh, et al. [34] found magnetite only in thick
rust samples form ed in marine atm ospheres. Cotton [129] showed that m agnetite 
was formed in the pits under low oxygen concentrations in boiler feed lines when an 
oxygen scavenger was used. Acidic conditions were found to stimulate its formation.
Previous studies by Raman, et al. [30, 31, 130] on atm ospheric rusts form ed on 
weathering steel bridge sections have shown that the powdery or flaky rust formed in the 
atmosphere is made up mostly o f y-FeOOH, 5-FeOOH, and a-FeO O H . y-FeOOH was 
found in newly formed rust samples and this converted slowly to the a  and 6  forms. In 
conform ity with the observations o f M isawa, et al. [35-36] and Singh, et al. [34], 
magnetite was found only in thick sheet-type rust samples, on their surfaces which were in
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contact with the metal, i.e. the magnetite was found at the rust- metal interface underneath 
the y-and 5-FeOOH forms. The amount o f magnetite present was also small. Recent 
observations of Kihira, et al. [37] o f the so-called "anomalous rust" are in conformity with 
the above findings.
Although the presence of magnetite in the atmospheric "pack rust" is clearly established 
in this study, the mode of its formation and its stability criteria under atmospheric 
conditions are not known. Simulated laboratory cyclic fog tests were undertaken to 
delineate the conditions for the formation of magnetite, its stability under atmospheric 
conditions and its transformation characteristics.
4.3 R ESU LTS O F  CO N TIN U O U S AND C Y C L IC  W A T E R  FO G  TESTS
4.3.1 R esu lts o f w arm  (120°F) a tm o sp h eric  fog tes t
Table 5 summarizes results from continuous and cyclic water fog tests. Results in the 
table indicate that continuous fogging and cyclic fog testing with 28 minutes wetting and 2 
minutes drying in each cycle produce magnetite as the major constituent. Along with the 
presence o f magnetite, that by considerable amounts of a-FeO O H  and y-Fe2 0 3 .H2 0  (y-
FeOOH) was also noticeable. Similar constituents o f rust were found on the surfaces of 
both the mild steel and the low alloy steel "Riverten" (refer to Table 3 for compositions). 
The Amount o f a-FeO O H  is minimal at first and it increases as the number of cycles 
increases. After 500 cycles with 2 minutes drying per cycle, mild steel formed about 25% 
of a-FeO O H . Alloy steel seemed to stabilize a-FeO O H  more. This was indicated by a 
strong presence of a-FeOOH after 85 cycles.
In cyclic experiments, as the duration o f drying increased ( using less wetting time, 
such as 25 minutes wetting and 5 minutes drying), magnetite was not found and instead the 
defective spinel phase form, defective magnetite or maghemite (Y-Fe2 C>3), was found to be 
the major form of rust that was stable. Along with the defective y-Fe2 C>3 another phase 
seemed to form that has a diffraction pattern very similar to that of y-Fe2 C>3 ,H2 0  (y-
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FeOOH) and ferrihydrite, Complete and definite identification o f ferrihydrite was not 
possible due to the fact that this phase, y-Fe2 C>3 .H2 0 , y-FeOOH, and a-FeOOH all have
many X-ray diffraction lines that overlap. Since the other phases were inferred to be 
present through the presence o f all o f their peaks and since almost all o f the peaks of 
ferrihydrite overlap with those o f the others, its presence could be inferred only from one 
or two very weak peaks that do not overlap.Infrared spectroscopy also does not seem to 
help because o f possibly the heavy disordered character of the rust phases. For example, 
the infrared patterns of the rust showed a very wide absorption band extending from about 
800 cm"* to 200 cm "l’ with the minimum at around 400 cm‘ l. The minimum shifted 
slightly in some samples. Thus, definite confirmation o f any of these phases indicated by 
XRD was not possible with IR. Generally XRD was found to be more useful in the 
analysis o f the structure o f the rust formed in the laboratory fog test. Table 6  supplies a 
comparison o f the data available from the ASTM standards file and/or from the literature 
[131-133] for y-Fe2 0 3 .H2 0 , y-FeOOH, a-FeOOH and ferrihydrite and the observed lines
in the XRD patterns o f a typical rust obtained in the water fog test, performed in a cyclic 
(25 min. wetting/ 5 min. drying) manner. It can only be concluded from this table that 
possibly y-Fe2 0 3 .H2 0  (y-FeOOH) forms along with y-Fe2C>3 in the 25/5 cyclic tests.
Specimens (both mild and low alloy steel) exposed in the water fog chamber with 20 
minutes fogging and 10 minutes drying duration formed defective y-Fe2 0 3  as the main 
constituent o f rust and showed also large amounts o f y-Fe2 0 3 -H2 0  (y-FeOOH) and a -  
FeOOH. Generally, XRD patterns of coupons exposed to longer periods o f drying than 2 
minutes showed also large amounts of amorphous phase constituents. A typical XRD 
pattern of rust from a mild steel coupon tested with 25 minutes wetting in each 30 minute 
cycles for 1000 cycles is shown in Figure 29. Figure 30 (a,b) show XRD patterns o f rusts 
formed on Riverten steel in the fog test with 25 minutes o f wetting in 30 minute cycles 
after 85 and 400 cycles respectively. The presence o f appreciable amounts o f the 
amorphous component of the rust could be responsible for the large wide absorption band
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and lack o f any sharp peak in the IR spectra. Large amounts of a-FeOOH were found to be 
formed under conditions of longer drying periods in each cycle. Also relatively more a -  
FeOOH is found with increased number of cycles. The pattern in Figure 30 b indicates also 
that the a-FeOOH is not well crystallized and is probably highly defective.
In the natural atmospheric conditions, a-FeOOH forms in the air side o f thick rust as a 
light yellow colored constituent over a dark brown to black rust formed on the metal side. 
The transformation of 5-FeOOH is not detected in the rust formed on these steels in fog 
tests, whereas it was found very commonly in the rusts formed on A 588 weathering steels 
in previous studies of Raman, et al. [29,31]. It can be inferred that the non-alloyed and 
very lightly alloyed steels do not stabilize 8-FeOOH and they tend to convert magnetite or 
y-FeOOH directly to a-FeO OH. If 5-FeOOH is formed in the Riverten steel (as its 
composition is very similar to that o f A588 steels), it should be highly defective and 
probably merged with a-FeOOH or with the amorphous component.
4,3.2 Results of Room Temperature Fog Tests
Table 7 summarizes results of cyclic water fog tests performed at room temperature (no 
heating provided). Similar trends were seen to those from results o f exposure tests 
performed at 120°F. Continuous wetting or longer wetting times in cycles stabilized the
magnetite phase, while the introduction of longer drying periods (7-15% of the cycle) led to 
stabilization of defective magnetite or defective y-Fe2 C>3 instead. Along with these defective 
spinel phases, y-Fe2 C>3 .H2 0  (y-FeOOH) is formed at the initial stages, whereas large 
amounts of a-FeOOH are found after large number o f cycles. Basically, addition of heat to 
the interior of the fog test chamber would increase the kinetics of the oxidation process. 
Apparently this increase in the rusting kinetics has not been appreciable enough to cause a 
major change in the sequence o f the rusting process under similar pH conditions. This 
assessment is based on the XRD results presented in Table 7.
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4.4 Growth Characteristics of Magnetite in Atmosphere-Simulated water 
Fog Test
It has been proposed [39,134-140] that there are two phases of rust formed during 
atmospheric rusting, which develop upon the growth of an outer layer during the dry 
periods and an inner layer during the wet periods. During the wetting part o f the cycle, the 
high relative humidity is the only source o f the electrolyte. During the dry periods the 
evaporation leaves circular pits in the initial rust layer [141] resembling blisters with 
collapsed roofs. It is also shown [142] that one mode o f corrosion extension involves the 
rupture o f such blisters or postules. In thick rust layers, cracking is commonly found 
instead o f blistering.
SEM analyses of ^ome o f the rust layers during this investigation showed that bubbles 
develop at the early stages o f the rusting process and contain water vapor or gas evolved in 
the corrosion process. These bubbles burst when the pressure builds up to an appreciable 
high level. Rusting progresses at the interior regions o f the postules and formation o f sandy 
y-FeOOH grains and nest-like a-FeOOH structures could be observed at the interior.
The a-FeOOH grows from the sandy grains of y-FeOOH in the form of whiskers at the 
surface. This could be observed in a number of cases. Figures 31-32 illustrate the whisker 
growth o f a-FeO OH from y-FeOOH grains. The a-FeO O H  may also form fine porous 
cloudy aggregates o f grains, and at low magnifications such clouds appear as fine, porous 
foam layers. The layer can be resolved to show very fine grains that have whiskers at their 
surfaces. The cloudy, foam-like layer has been inferred to be the amorphous form o f rust 
(amorphous a-FeOOH) that forms initially prior to the formation of a-FeOOH crystals. It 
can be inferred that the spinel phase magnetite or y-Fe2 C>3 forms due to the fast rusting 
process under weaker or slower oxidative conditions. Such would be the case under 
continuous wetting in fog situations. Upon cycling and introducing drying periods and 
slowly increasing the latter, oxidation o f the required rate is enabled. Magnetite converts to 
y-Fe2 C>3 and in this process defects are probably introduced in the lower regions of the rust
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where the oxidation would proceed without the reduction of oxygen available in the 
atmosphere or the reduction of H + ions o f water (see electrochemical chapter for these 
reactions,p 77). In the outer reaches o f the rust, magnetite converts to a thin layer of the 
highly defective spinel y-Fe2 0 3  due to complete oxidation of Fe2+ in magnetite to Fe^+
and reduction o f oxygen atoms to O2- and their incorporation into the structure. This is not 
fully confirmed in this work. Thus during the growth o f magnetite and its oxidation, 
successive layers with increasing defect contents upward and culmination possibly in 
maghemite on the top region can be visualized. Increased thermal energy, it appears, 
provides for the needed activation energy to induce the oxidation of magnetite and its 
conversion to defective spinel phases.
Based on the SEM micrographs, it can be inferred that the magnetite that forms during 
continuous wetting (or defective y-Fe2 0 3  that forms in cyclic tests with drying periods of 5
minutes or more) converts to y-FeOOH as the rusting proceeds and eventually all the y-
FeOOH transforms to a-FeOOH. The results also indicate that transformation of y-FeOOH
to a-FeOOH starts from the periphery of the rust grains. In short
fast initial oxidation
F e  >Fe2+ (+ reduced species from  a i r ) -------------------------------> initial rust phases
fast oxidation drying conditions
(amorphous components and o th ers)------------------ > Fe3 0 4 -------------------------
------------- >defective  y -F e 2 0 3 .
Magnetite (highly weting)' 
defective maghemite 
(more drying)
slow conversion 
wet oxidation or by other mechanism
---------------> y-FeOOH  > OUFeOOH.
nucleation & growth
The following may also be possible:
y*Fe2 0 3 -------------------- >F errihydrite----------------> a-FeO O H .
The exact mechanism of transformation of y-Fe2 0 3  or defective spinels into y-FeOOH 
or a-FeOOH has not been elucidated in this study. In earlier studies, formation of bulges 
at the periphery o f magnetite appearing as snake-like winding have been observed [48](see 
Figure 32 (b)). These are possibly arising during the transformation of magnetite into the 
defective spinel phase (y-Fe2 0 3 ), or y-FeOOH en-route to a-FeO O H  and are perhaps 
indicative o f some gas evolution. H + ion reduction giving rise to hydrogen gas can 
account for this. In those instances 3.5% NaCl solution was used to create fog and acidic 
conditions are possible in crevice-like regions. However, the reduction o f H + or H2O has 
not been proven so far and the proposal that the bulging is due to possible hydrogen gas 
evolution has to be treated at this stage only as a hypothesis.
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Figure 26: Infrared absorption patterns from  selected pack rust samples (A) magnetite
in sheet-type pack rust. (B) a-F eO O H  in sheet-type pack rust at the peripheral 
regions. (C) <x-FeOOH+ magnetite in the rust from regions behind the anchorbolt.
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Figure 27: Powder X-ray diffraction pattern of a typical pack rust sample showing
magnetite and a-F eO O H .
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Figure 28(a): SEM micrograph or pack-rust sample. Layered structure of magnetite, in sheet rust, 
(SOOX).
Figure 28(b): SEM micrograph o f pack-rust. Layered structure o f magnetite (at the
left) and flowery a-FeOOH plates (at the right) in the sheet type rust,(1000X ).
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Figure 28{c): SEM micrograph of pack rust from the box area near the anchorbolt.
Nest-like aggregates o f a-FeO O H  seen, (1500X).
Figure 28(d): SEM micrograph or pack rust. Fine powdery deposits o f possibly
am orphous or incom pletely crystallized a-FeO OH on the sheet type pack-rust; white 
cloudy patches are indicative of amorphous a-FeO O H , (3500X).
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Figure 29: XRD pattern of rust formed on a mild steel coupon tested in water fog (chamber) using 
25 minutes wetting and 5 minutes drying in a 30 minute cycle after 1000 cycles.
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Figure 30: XRD patterns of rust formed on Riverten steel tested in fog chamber with 
25 minute wetting per cycle for 85 (a) and 400 (b) cycles.
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Table 5: R esults o f X-ray dirfraction o f rusts from continuous and cyclic (30 
minutes/cycle) plain water fog tests performed at I20°F temperature.
a )  C o n tin u o u s w e ttin g
S tee l e x p o su re cycles phases p resen t
M .S. 12 M(st)+a-FeOOH(tr)
// 50 M(st)+a-FeOOH(tr)
RVT 1116 M(st)+y-Fe2 0 3 .H2 0  (st)
28 m inu tes w etting , 2  m inutes d ry ing
M.S. 85 M(st)+a-FeOOH(st)+Y-Fe2 C>3 . H2 0 (tr)
// 240 M(st)+Y-Fe2 0 3 .H2 O(st)+ a-FeOOH*
// 500 M(st)+ a-FeOOH(st)
RVT 85 M(st)+a-FeOOH(st)
II 240 M(st)+a-FeOOH(st) +Y-Fe2 0 3.H2 0 (tr)
II 500 M(st)+a-FeOOH(st) +Y-Fe2 0 3 .H2 0 (tr)
25 m inu tes w etting , 5 m inutes d ry in g
M.S. 237 Y-Fe2C>3 (st) * + a-FeOOH(tr)
a 400 Y-Fe2C>3 + a-FeOOH
if 1000 a-F e0 0 H(st)+Y-Fe2 0 3 +Y+Fe2 0 3 .H2O
RVT 85 Y-Fe2 0 3**
II 237 Y-Fe2 0 3 (st)+a-Fe0 0 H(st)+y-Fe2 0 3 .H2 0
// 400 Y-Fe2 0 3 (st)+a-Fe0 0 H(st)+Y*Fe2 0 3 .H2 0
II 1000 Y-Fe2 0 3(st)+a-Fe0 0 H(st)+Y-Fe2 0 3 .H2 0
20  m inu tes w etting , 10  m inu tes d ry in g
M .S. 65 Y'Fe2 0 3 (st)+Y-Fe2 0 3 .H2 0 (st) +a-FeOOH
// 240 Y-Fe2 0 3 (st)+Y-Fe2 0 3 -^ 2 0 (st) +a-FeOOH
if 500 Y-Fe2 0 3(st)+Y-Fe2 0 3 .H2 0 (st) +a-FeOOH
RVT 65 Y-Fe203(st)4-Y-Fe203 .H 20(st)+a-Fe00H (tr)
If 240 Y-Fe2 0 3 (st)-i-Y-Fe2 0 3 .H2 0 (st) +a-FeOOH
If 500 Y*Fe2 0 3(st)+y-Fe2 0 3 .H2 0 (st) +a-FeOOH
* Where the relative amount of a phase is not indicated in parenthesis after the phase, the 
amount is neither large (st) nor small (tr). The order indicates the dominance o f phases 
present, the first one being the most dom inant
** By y-Fe2 C)3 is m eant here a defective form of spinel, i.e. magnetite that is partially 
oxidized during the periods of the cycles. Defect contents o f these phases have not been 
established in this study.
M.S.=Mild steel RVT=Riverten steel M=Magnetite
Table 6: C om parison of XRD relative intensities an d  in te rp lan a r  spacings for d ifferent iron oxide 
phases.
Magnetite Maghemite RuSt+ Hydrated Lcpidccrocite Gocthite Ferrihydrite
sample Maghemite
Fe3C>4 y-Fe20 3 * ^ e2^3'.h 2o y-FeOOH a-FeOOH
d(A) d(A) r/lm d(A) Vln d(A) Vlra d(A) ^Ia d<A> Ifo d(A) Via,
4.35 40 4.82 5 6.26 8 6.26 100 6.26 100 4.98 10 2.54 s
2.96 70 2.95 34 3.2S 12 3.29 90 3.29 90 4.18 100 2.24 s
2.53 100 2.78 19 2.94 8 2.47 so 2.47 SO 2.69 35 1.97 w
2.42 10 2.52 100 2.52 42 2.36 20 1.94 70 2.58 12 1.71 w
2.09 70 2.08 24 2.46 29 2.09 20 1.73 40 2.45 50 1.51 ms
1.71 60 1.70 12 2.24 8 1.94 70 1.56 20 2.25 14 1.47 s
1.61 S5 1.61 •3J 2.08 7 1.85 20 1.53 20 2,19 20
1.48 35 1.51 9 1.94 12 1.73 40 1.72 20
1.09 60 1.4S 53 1.71 11 1.57 20 1.56 8
1.09 19 1.61 17 1.52 40 1.51 5
1.47 25 1.43 20 1.45 5
■r = Rust sample from the mild steel coupon tested in the fog chamber at 120 Fwith 20 
minutes of wetting in 30 minute cycles for 240 cycles. 
s=strong, ms = medium strong, w=weak.
T ab le  7: XRD re su l ts  for c o n t in u o u s  a n d  cyclic w a te r  fog tests p e r fo rm e d  a t  room  
te m p e r a tu r e .
a) Continuous W etting:
Steel Exposure Rust phases(s)*
RVT 10 days M + <*-FeOOH
// 30 // ct-FeOOH ■+■ 'f-Feo0 3 .H2 0  M
b) 25 m inutes w etting, 5 m inutes drying
RVT 85 cycles y-Fe20 3 ** + a-FeOOH
// 400 // y-Fe20 3** -  a-FeOOH (sr)
If 1000 // a-FeOOH + y-FeoOjJHsO
* If more than one phase is present in a sample, the phases are written in a sequence 
showing decreasing dominance, he. the first written phase is present in maximum amount, 
the next one in amount lower than the first, and so on.
*” By y-Fe203 is meant here a defective spinel phase containing canon deficiencies, i.e. 
the defective magnetite or maghemite.
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Figure 31: SEM micrograph of rust formed on the surface of mild steel coupon tested
in w ater fog cham ber at 120°F w ith 25 m inutes w etting/cycle for 1000 cycles 
(2500X). Formation of wiskers of a-FeOOH on sandy grains of y-FeOOH is seen.
Figure 32: SEM micrographs o f rust formed on the surface o f  mild steel coupon
tested in water fog chamber at (120°F) with 25 minutes wetting/cycle for 1000 cycles 
(1500X). Dark areas show magnetite along with sandy grains of y-FeOOH and needle­
like stucture o f a -F eO O H .
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Figure 32(b): SEM micrograph of rust formed on low alloy steel tested in water fog chamber at 
120 F with continuous wetting for 672 cycles (100X). Dark areas-magnetite;bright
arcasot-FeOOH,
CHAPTER 5
E L E C T R O C H E M IC A L  ST U D IE S P E R T A IN IN G  T O  O X ID A T IO N  AND 
R E D U C T IO N  IN M A G N E T IT E
5.1 IN T R O D U C T IO N
The atmospheric corrosion o f iron is an electrochemical process which starts in the 
presence o f an electrolyte as a result of sufficient wetting o f the metal surface [143], On 
iron, the current flowing between distinct anodic and cathodic areas has been found 
equivalent to the corrosion rate deduced using Faraday’s Law [144-145], Each 
milliampere-hour should, by Faraday’s Law, correspond to the corrosion of 1.04 mg of
iron, if the only anodic reaction is F e  > F e-+ + 2 e", but to two-thirds of that amount if
every Fe2+ ion is anodically oxidized to Fe^+ (Fe2 + ------- > Fe^+ + e") before it escapes
from the metal surface [39], As discussed earlier, (chapter 1, pages 9-10 ), Evans' model 
of atmospheric corrosion [38-39] suggests that the formation o f magnetite occurs in the wet 
period and the oxidation of magnetite to y-FeOOH occurs in the dry period.
Stratmann, et al. [146] studied the reduction and re-oxidation of isolated rust layers by 
electrochemical methods to find out the effects o f these processes on the atmospheric 
corrosion o f iron. They analyzed the reoxidation of magnetite that was first formed through 
electrochemical reduction o f y-FeOOH and found that "during the oxidation o f Fe3 C>4 ,
some Fe2+ ions diffuse into the cell electrolyte". Their magnetic measurements revealed 
that Fe3 C>4 is not oxidized to the paramagnetic y-FeOOH form as proposed by Evans,
Results o f their potentiostatic reduction experiment on y-FeOOH showed the formation of 
an Fe2+ intermediate on the surface of rust prior to the Fe3(>4 formation. According to 
their anatysis the surface layer can react in two ways.
(1) the Fe2+ ions may cross the solid/electrolyte interface
[Fe.OII.OH] + 2 11+ ---------------> Fe2+ (aq.) + 2H20  (18)
(2) As a consequence of the pH change, Fe3 0 4  formation starts, consuming y-FeOOH and 
partly the Fe2+ intermediate
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Fe2+ + 2y-FeOOH-------------> Fe3 0 4 + 2H+ (19)
{Fe.OH.OH} + 2y-FeOOH-----------> Fe3 0 4  + 2H20  (20)
Stratmann, et al. also mentioned that a complete oxidation o f  all of the Fe2+ ions in the 
F e 30 4  is not possible, implying that some Fe3 0 4  is left unoxidized. M isawa [147] 
proposed also that Fe30 4  would oxidize to y-FeOOH according to the reaction
Fe30 4 + 2H20 -------------> 3y-FeOOH + H+ + e ' ; E  = 0.794 V (SHE) (21)
Kuch [148] who studied reduction and re-oxidation kinetics of iron oxide scale on steel, 
formed either during corrosion in water or synthetically prepared, concluded that once 
formed, Fe30 4  cannot be re-oxidized to y-FeOOH, but only to a certain extent to y-Fe20 3.
Nagayama, et al. [149] anodically oxidized iron in a borate-boric acid buffer solution at 
a pH o f 8.4 and found the structure o f the film to consist o f an inner "Fe3 0 4 " layer and an 
outer "y-Fe20 3" layer. They also found that the outermost spinel part o f the film had a 
defect structure. The thickness of the layers and the number o f defects were found to be 
functions of the positive potential. It is indicated that when the potential is made more 
positive, i.e. when electrochemical conditions are more oxidizing, the outer part of the 
Fe30 4  layer formed in the active potential range is converted to y-Fe2 0 3 by reactions such
as
2 Fe30 4 + H20  > 3 y-Fe20 3 + 2H + + 2e" (22)
They further indicated that under the continuing oxidation conditions, more o f Fe30 4 
oxidized to form spinel phases with different cation vacancy contents.
Their cathodic reduction experiments performed at different potentials within +900 mV 
to -300 mV for 1 hr on the samples previously polarized positively showed three plateaus, 
corresponding to the three following electrochemical reactions:
Fe2+3x Fe3+2-2x(fv)0.25-xO3 +3H2 0+(2-2x)e- ----- >(2+x)Fe2 ++6(OH)_ (23)
(x varies from 0.25 to 0)
Fe30 4  + 4 H20  + 8e‘ — > 3 Fe + 8 (OH)’ (24)
2 H20  + 2e- > H2 + 2 OH"(water reduction)
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(25)
Their reduction product always showed Fe^+ ions in solution for the first wave (from -700 
mV to -900 mV). This reduction o f y-Fe2 0 3  to  Fe^+ occurred with alm ost 100%
efficiency. The second wave (from -900 mV to -1000 mV) was assigned to reduction of 
Fe3C>4 to Fe with a low current efficiency according to reaction (24). The third plateau was
assigned to hydrogen evolution according to the water reduction reaction (25). Lu, et al. 
[150] undertook a comparative study o f the oxidative and reductive dissolution of magnetite 
in acidified cupric sulfate-acetonitrile-water and cupric chloride-sodium chloride-water 
leach solutions. They indicated that under oxidizing leach conditions magnetite forms a 
passive Fe2 C>3 film which inhibits reaction, but under reducing leach conditions in the
presence of Cu(I), magnetite is believed to dissolve via Fe(OH)+ intermediate and react 
much faster. Recently, Duennwald, et al. [151] investigated atmospheric corrosion o f 
electroplated Fe on Au in an S 0 2 containing atmosphere with saturated humidity. They 
reduced FeOOH to Fe3C>4 in a 0.2 M Na2 SC>4 electrolyte and concluded that, by exposure 
to air, Fe3 0 4  is not re-oxidized to y-FeOOH.
Suzuki, et al. [40] investigated the electrochemical properties o f iron rust formed on 
pure iron and on a weathering steel. They showed that alloying elements in the weathering 
steel inhibit the formation o f magnetite in the reduction o f ferric ion containing phases in the 
rust and that this leads to an increase in the electrical resistance o f  the rust layer. Their 
results in galvanostatic studies o f the rust cathode in 0.1 M Na2 SC>4 solution at 100 
|iA/cm2, showed no Fe^+ or Fe^+ ions in the electrolyte during cathodic reduction. They 
did show that y-FeOOH was reduced to Fe3 C>4 . The reported rest potential o f the rust 
electrode in 0.1M Na2S0 4  was 0*2 V(SCE). Based on their experimental results, they 
inferred that the species which can be repeatedly reduced and oxidized in rust layers are the 
intermediate ones, since the rust converted to crystalline magnetite by reduction is no longer 
oxidized in air.
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Cohen, et al. [152] observed two waves in polarization plots obtained during the 
reduction o f iron oxide films on platinum surfaces and on the iron surfaces developed by 
anodic or air oxidation (studies conducted in neutral borate solutions). The two waves, it 
was concluded, corresponded to (1) the reduction of ferric ion in the outer layer o f y-Fe2C>3 
to give Fe^+ in solution, and (2 ) the reduction of underlying Fe3C>4 to give a  combination 
of Fe2+ in solution and reduced iron. Okada, et al. [153] similarly observed two potential - 
plateaus at -800 mV and -950 mV (SCE) for the galvanostatic reduction of rusted steel at 80 
jiA/cm^ in neutral aqueous solution of 3% NaCl. They believed that the plateau at about 
-800 mV was due to the reduction of Fe3+ (in y-FeOOH) to Fe^+ (forming Fe3 0 4 ), based 
on the observation of some X-ray diffraction lines o f Fe3C>4 in the reduced sample. It was
inferred that the Fe3 0 4  produced by the reduction of FeOOH (3FeOOH + e* >Fe3C>4
+H2O + (OH)-) was not electrochemically reducible. Therefore, they assigned the plateau 
o f potential at -950 mV to the reduction potential o f the spinel type iron oxide y-Fe2 0 3 -
Buob, et al. [154] and Nagayama, et al. [149] made similar assignments to the potential 
plateaus as those given by Okada, et al. [153], Tamaura, et al. [155] form ed Fe3 0 4  
electrochemically on Pt and, after air oxidation o f magnetite they noticed the formation of y- 
Fe2 0 3  on the surface o f Fe3C>4 . Galvanostatic reduction o f the outer y-Fe2 0 3  layer in the 
passive film formed on an Fe electrode in a neutral solution resulted in the formation of 
ferrous ions (Tsuru,et al.[156]). These dissolved with nearly 100% current efficiency, but 
the inner magnetite layer was partly reduced to Fe and the residual part was dissolved as 
ferrous ions (this was more predominant at low pH).
Electrochemical test data from rust samples, natural or synthetically produced, or from 
pure phases such as y-FeOOH, a-FeO O H , FegC^, etc., would be useful to deduce the
formation and transformation characteristics o f various rust phases during the normal 
corrosion process o f iron or steel, such as in the rusting of steels in the atmosphere. These 
tests should be performed under very slow kinetic conditions in electrolytes resembling the 
ones encountered in practice, such as the condensates from the atmosphere on the steel or
81
on the rust layers during the atmospheric rusting o f steel. Considering the problem o f 
occurrence and stability of the magnetite phase in the atmospheric rust, electrochemical tests 
carried out using magnetite electrodes would be very useful. Such data are lacking in the 
literature.
Since a fairly large quantity of thick magnetite samples was obtained from the pack-rust 
field samples during this study, it was of interest to evaluate their oxidation and reduction 
characteristics in slow electrochemical polarization tests using dilute aqueous solutions 
containing sulfate and/or chloride ions. To have reasonable concentrations and reaction 
rates, 0.1M K 2 SO4  and 0.1M NaCl solutions were used in the tests undertaken. In the
field conditions the pH of the electrolyte is around neutral pH 7; however, in localized areas 
high pH (alkaline) or low pH (acidic) conditions are quite possible. In order to assess the 
behavior o f  the magnetite electrode under different pH conditions, the starting levels 
chosen for this study were pH 4.0, pH 7.0, and pH 10.0 . In addition to assessing the 
polarization characteristics and the characterization of the oxidation and reduction reactions, 
pH variations in solutions were followed as well and the ferrous-ferric ion concentrations 
were monitored in selected cases using the polarography technique.
5.2 R ESU LTS AND DISCUSSION 
5.2.1 O xidation  o f the M agnetite  E lectrode
Thick m agnetite  electrodes were tested according to the prescribed standard 
procedure (ASTM  G-5[91]). Samples were obtained from the pack rust formed under 
atmospheric conditions in a selected bridge site [49]. Such rust sam ples were dark 
black in color and highly dense. Usually a thin layer o f  yellow ishy-or a-F eO O H  is 
found or gets formed on the surface o f magnetite under ambient conditions. This layer 
was removed prior to the sample preparation for electrochemical testing. Electrolytes 
used in all electrochemical testing were 0.1M K2 SO4  and 0.1M NaCl solutions. Three
different starting pH  values were used in the oxidation studies, while reduction
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experiments were performed at the neutral pH only. The pH was adjusted using HC1 
or NaOH solutions.
Table 8 contains a summary of the results obtained in electrochemical oxidation of 
magnetite in sulfate and chloride solutions at different pH values. According to these 
results, an increase in the pH value of 0.1M  potassium  sulfate solution from acidic 
(pH=4.0) to basic (pH=10,0) increased ipass. by nearly 2000 fold. A much smaller
increase (400 fold)occurred in 0.1M NaCl solution. With these increases in the passive 
state current densities the corrosion (rest) potentials seem to get decreased considerably. 
However,irrespective o f the type o f electrolyte and the pH o f the solution, breakdown 
potentials were always in the neighborhood of 1200 mV(SCE), Even here small decreases 
in the breakdown potential with increases in pH were found. No major differences were 
observed in the electrochemical behavior of the samples tested in the two different types of 
solutions.
An electrochemical poIaTOgraphy method was used to measure the concentrations of 
ferrous and ferric ions in the electrolyte at the end of each experiment. Such tests showed 
neither ferrous nor ferric ions to be present in solutions after any o f the oxidation tests. The 
pH rose only by a small amount, about 1 count.
The E-I traces o f samples, tested in 0.1M K2SO4  solution at pHs o f 4,0, 7.0 and 10.0
are shown in Figures 33-35. The trace for pH 10.0 showed current density going through 
zero at a potential o f -536 mV and passivation is clearly seen starting at a potential o f 
around 0 mV. The current density in the passive state was much higher, about 440 
|xA/cm2, compared to much lower values observed in results of the other runs at lower pH 
values.
As indicated, in all oxidation cases at different pH values, the magnetite electrode was 
found to become passivated. However, two seemingly different passive states with quite 
different current densities could be inferred to be obtained. In addition, the passive state 
seemed to start breaking down at a potential around 1200 mV. The mechanism of
83
passivation in all these cases seems to be through the formation o f Y-Fe2 0 3  at the surface 
o f the electrode and the current increase in the transpassive state is through the continuous 
conversion o f the ferrous ions to ferric state in the subsurface regions o f the electrode 
progressively, thereby converting magnetite to maghemite, or to defective spinel phases. 
This inferrence is substantiated by XRD patterns taken at the end of each run for all o f the 
oxidized samples. The 7 ^ 2 0 3  or the defective magnetite phase was observed to be the
dominant phase present in the oxidized samples. The XRD pattern o f the sample oxidized at 
a pH of 10.0 seemed to show preferred orientation of (110) planes of y-Fe2 C>3 .
Other anodic polarization plots o f the magnetite electrode in 0.1M NaCl solution, at 
different starting pH levels, are given in Figures 36-38. A  sample tested at a pH of 4.0 in 
0.1M NaCl solution showed two distinct and different minima in potential, one at 34 mV 
and the other at 1088 mV (Figure 36) (potentials are given with respect to SCE in this 
work). In between these two distinct current minima, in the range of potentials between 
about 400 to 800 mV, a strongly serrated trace was obtained in this test. Samples tested at 
higher pH levels at 7.0 and 10.0, did not yield the two current minima.
The behavior at the low pH region (pH=4.0) is quite similar to that in the sulfate 
solution and the current density in the passive state is about 0.2 (iA /cm^. In the solution 
with pH 7.0, the current density in the passive state is much higher, about 84 pA /cm ^ 
(Figure 37), the second current minimum at around 1000 mV is not seen, and electrical 
breakdown occurs at around +1270 mV. The trace obtained in the polarization with 
solution at a pH 10.0 showed much lower ipassive* about 46 pA /cm ^ (Figure 38), quite
different from the high values obtained in the sulfate solution at high pH.
5.3 PA SSIV A T IO N  M E C H A N ISM S
The passive state with the lower current density of about 0.2 pA/cm ^ at pH values of
7.0 and below indicates inability o f the surface film  formed to conduct the charge. This 
implies the formation of a high impedance type film . It can be inferred that the magnetite
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forms on its surface either a y-FeOOH film, or a y-Fe2 0 3  (maghemite) film containing full
complement o f defects through the reactions (21) and (22) given earlier. These reactions 
would produce defect-free y-FeOOH, or the maghemite phase with no ferrous ions and 
possibly fully ordered cation vacancy defects. Once the film is formed, extremely limited 
oxidation proceeds progressively in subsurface regions converting Fe2+ to Fe3+ ions , 
producing cation vacancies in the process. The low current density in the passive state is 
inferred to be due to the continuous insulation offered by the surface y-FeOOH or the fully 
ordered maghemite film. When the potential reaches around 1000 mV, current density 
drops to zero in some cases, perhaps through the reduction reaction that produces defective 
spinel at the top surface:
y-FeOOH or y-Fe2(fv)o.25 O3 + e*  >Fe2+3xFe3+2-2x(fv)0.25-x 0 3  (26).
Once this breakdown occurs, converting y-FeOOH or ordered maghemite to disordered 
defective spinel, the film begins to conduct ( this occurs after the second current minimum 
at around 1000 mV). Further increase in current is attributed to complete electrical
breakdown o f the surface film  enabling Fe2 +  > Fe3+ oxidation at subsurface
regions and the oxidation current continuously being drawn through the conversion of 
magnetite to the defective spinel phase underneath. The increase in current density with 
increasing field is attributed to the field effect and the resistance of the film is found to be 
kept nearly a constant. This transformation would make the defective magnetite spinel 
phase transport charges as an n-type semiconductor. The passivation setting in at much 
higher current densities, with ipass around 440 fiA/cm2> can be inferred to be due to the
formation o f the vacancy disordered maghemite phase (containing no Fe2+ ions) on the 
surface o f the magnetite, through the reaction (22 )
It is inferred to be a better n-type semiconductor than the vacancy ordered maghemite 
phase- hence the higher current density in the passive state. The electrical breakdown of 
the vacancy-disordered maghemite phase seems also to be initiated at a potential of around 
+1200 mV through the same ferric to ferrous reduction mechanism as for the others,which
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enables the subsurface species to get converted to defective magnetite (containing some 
ferrous ions and vacancies) leading to better conductivity..
Evans' model of atmospheric corrosion,as described in the introduction, suggests the 
transformation of magnetite, which forms during excessive wetting, to y-FeOOH under 
oxidative conditions.Yet, results o f electrochemical oxidation tests with the bulk rust 
(magnetite) form ed at extrem ely slow rate  under am bient conditions shows the 
transformation o f magnetite to defective spinels or maghemite in the bulk and not to 
lepidocrocite (y-FeOOH). However, a thin passive film o f y-FeOOH can still form on the 
surface of the magnetite electrode underneath which maghemite may occur. W hether this 
happens needs to be ascertained further. Under the prevailing experimental conditions, 
formation o f hematite or goethite surface films is not felt feasible. These films, if formed, 
would be difficult also to get reduced , as appears to happen prior to the breakdown 
process. It is thus proposed in this work that a passive film o f y-FeOOH forms in the low 
pH ranges in both the sulfate and chloride solutions.
Under slightly acidic o r neutral pH conditions a defect-ordered maghemite film  
proposed to be formed on the surface o f magnetite would passivate it and enable higher 
passive state current densities. Such could also be the case at high pH in chloride solution. 
However, at high pH in sulfate solutions the magnetite seems to transform to the defect- 
disordered y-Fe2 0 3  phase, which would not offer good insulation.
Magnetite with the defective spinel phase layer on the top surface could continue 
transform ing slowly, probably to y-FeOOH initially and then through dissolution, 
nucleation, and growth to the a-FeOOH phase on its surface. As is known, y-FeOOH is 
not a stable long term phase and the final products formed in a very slow process o f 
transformation shall have the spinel phases in equilibrium with the a-FeO O H  under wet 
conditions or a-Fe2 0 3  under dry conditions.
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5.4 R E D U C T IO N  O F  M A G N E T IT E  E LE C TR O D E S
Magnetite electrodes, similar to the ones used for oxidation studies, were used in 
reduction experiments in 0.1M K2 SO4  solution from 0 to -2500 mV. Several scan rates
ranging from 0.01 mV/sec to 1 mV/sec were tried to obtain good traces, which could be 
used to assist deduction of the mechanism o f reduction of the magnetite electrode. A scan 
rate of 0.01 mV/sec proved to be the most suitable one for the study o f the reduction of 
magnetite in this electrolyte. A typical cathodic polarization plot is given in Figure 39. The 
potential-current (E-I) plot indicates that sharp increases in reductive current occur at 
several different potentials. Specifically, at about -800 mV, there appears to be an abrupt 
increase in current density by about an order of magnitude. This increase is due to the 
following reduction
p e3+ + e-  >Fe2+ (27)
An interesting feature, which was seen in several E-I plots, is a reductive passivity that 
was indicated by the reduction and maintenance of a lower current in the passive state in a 
certain potential range, followed by a sharp increase in current. In Figure 39, this is in the 
range -1221 to -1346 mV. Above this potential range the reduction of Fe2+ to Fe could 
have commenced (cf- literature data [149]). Surface formation o f a ferrous-ion- 
containing interm ediate species ,such as Fe(OH )2  or FeOH+» could explain this 
phenomenon. The sharp increase in current at approximately -1400 mV is due to the 
sudden breakdown o f  this film. The steady increase in current in this range o f potential is 
evidently due to the reduction o f Fe2+ to Fe at the surface and subsurface regions. The 
other minor surges in current densities at around -1500 mV and -1600 mV are inferred to 
be due to reduction o f Fe2+ to Fe occurring probably through other intermediate species, 
formed on the surface and which do not lead to passivity as in the above mentioned case at 
the potential o f about -1300 mV. Continuing the reduction at still lower potentials causes 
the buildup of metallic Fe on the surface. An SEM micrograph of such an Fe layer on top 
o f Fe3C>4 is shown in Figure 40. Granular deposits of Fe are observed. XRD patterns (as
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in Figure 41) clearly indicated the formation o f large amounts o f Fe on the surface of 
Fe3C>4  ^A t slow scan rates, serrations were seen in a small potential range close to the rest
potential o f the electrode. Such serrations generally indicate a temporary, fluctuating 
passivation-depassivation mechanism that is attainable during the reduction stage.
During the cathodic polarization process, the pH o f  the 0.1M K2 SO4  solution was
found to have been decreased from around 10.0 to as low as 4.5. The pH decrease can be 
ascribed to a reaction at the cell anode which produces acidity by the oxidation o f water or 
base
H20 ---------->2H+ + 0.5 O2  + 2e- (28)
(OH)- -— > H+ + 1/2 0 2 + 2e- (29)
Polarographic measurements o f the ferrous and ferric ion concentrations in the 
electrolyte (0.1M K2 SO4 ) showed that no reductive dissolution took place in any of the
reduction experiments. Therefore, it is concluded that the reduction that takes place is only 
due to the reduction o f ferric to ferrous at potentials near -800 mV, and then from ferrous to 
Fe at much lower potentials (below about -1500 mV). Other intermediate species containing 
ferrous ions could form temporarily on the surface and subsequently get reduced to metallic 
iron.
It is inferred that, in general, the oxidation o f magnetite is a practical and on-going 
process during the corrosion o f iron and steel and reduction o f magnetite does not occur 
under normal conditions. With the application o f inhibitors surface passivation of 
magnetite films formed might be occurring. Alternatively, it appears feasible to induce 
passivation on freshly forming magnetite in boiler tubes, hot-rolled-steel sheets, etc. by 
impressing a suitable potential in a suitable electrolyte. This aspect o f providing protection 
to boiler tubes, etc. by passivating magnetite can be explored further.
The results given above are in conformity with the findings o f the investigators who 
have performed analogous studies on rust electrodes, mostly y-FeOOH and not magnetite 
sam ples,as used in this investigation. For example, results o f investigations by Kuch (148),
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Nagayama, et al. (149), Lu, et al.(150), and Duennwald, et al. (151) indicate the formation 
o f y-Fe2 0 3  as the oxidation product o f magnetite electrode. On the other hand, Misawa's 
inference is in conformity with the Evans' model that suggests oxidation of magnetite to y- 
FeOOH. In this work, ferrous and ferric ions were not observed to dissolve into solution 
from magnetite electrodes, even oxidized at pH 4.0 in either 0.1M NaCl orO .lM  K2SO4 
solutions.Also, in contrast to the findings o f Stratmann, et al. (146), Nagayama, et al. 
(149), Cohen, et al. (152), and Tsuru, et al. (156), the electrochemical reduction of 
magnetite electrodes in this work did not lead to reductive dissolution of ferrous and ferric 
ions into the solutions either. However, Suzuki’s [40] results in this respect are in 
conformity with the findings in the present work.
Variations in results obtained by different investigators could very well be due to the 
differences in the prehistory of the samples employed in those experiments. For instance, 
in all o f the above mentioned cases, no two investigators used the same type of samples. 
Stratmann, et al. (146) used isolated rust layers as their electrode, while Nagayama, et al. 
(149), and Suzuki, et al. [40] anodically oxidized Fe in oxidizing solutions and performed 
electrochemical testings on such samples. Duennwald (151), Cohen (152), and Tamaura 
(155) electroplated Fe on Au o r Pt and oxidized it or reduced y-FeOOH to Fe3C>4 . As 
mentioned earlier, magnetite electrodes used in this investigation were prepared from thick 
magnetite products obtained from the surfaces o f a naturally rusted structural steel. 
Therefore, these samples are unique in the sense that they truly represent the magnetite that 
forms under natural ambient conditions. In short, variations in the electrochemical 
response o f different magnetite electrodes used by different investigators could be 
explained by the differences in the prehistory o f the electrode materials and the different 
oxidative electrolytes used.
Table 8 : Summary of oxidation electrochemical parameters measured for 
magnetite electrode in 0.1M K2 SO4  and 0.1M NaCI Solutions.
(a) 0.1M K2SO4  solution
pH Ecorr (mV.SCE) E b reak d o w n fa^ ’^ G i)  ipass_(|iA/cm2)
4.0 -48 &-520 1204 0 .04 ; 0.2
7-0 -278 1172 13.0
10.0 -536 1100 440.0
(b) 0.1M NaCI solution
4.0 34 &1088 1326 0.2
7.0 60 1270 84.0
10.0 -418 1242 46.0
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Figure 33: E/I trace o f magnetite electrode oxidized from -600 mV to +2000 mV at 
starting pH of 4.0 in 0.1M K2 S O 4 solution and scan rate o f 0.1 mV/sec.
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Figure 34: E/I trace of m agnetite electrode oxidized from -600 mV to +2000 mV at 
starting pH of 7.0 in 0.1M K2 S O 4 solution and scan rate o f 0.1 mV/sec.
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Figure 35: E/I trace of magnetite electrode oxidized from -700 mV to +2000 mV at
starting pH of 10.0 in O.IM K2 S O 4 solution and scan rate of 0.05 mV/sec.
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Figure 36: E/I trace or magnetite electrode oxidized from -200 mV to +2000 mV at a
starting pH of 4.0 in 0.1M NaCI solution and scan rate o f 0.1 m V /sec .
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Figure 37: E/I trace of magnetite electrode oxidized from 0 mV to +2000 mV at
starting pH of 7.0 in O.IM NaCI solution and scan rate o f 0.1 mV/sec.
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Figure 38: E/I trace of magnetite electrode oxidized from -200 mV to +2000 mV at
starting pH of 10.0 in 0.1M NaCI solution and scan rate of 0.1 mV/sec.
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Figure 39: E/I trace of magnetite electrode reduced from 0 mV to -2500 mV at 
starting pH of 7.0 in 0.1M K2 S O 4 solution and at 0.01 mV/sec. scan rate.
Figure 40: SEM micrograph or the magnetite electrode after the reduction experiment. 
M icrograph shows reduced iron appearing as powdery particles on the surface of 
m agnetite sheets (5000X),
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Figure 41: XRD pattern o f the magnetite electrode taken after the completion of the 
cathodic polarization run indicating the strong presence of metallic iron.
C H A P T E R  6
E FF E C T S O F PH O SPH A T E  C O A TIN G S ON T H E  O X ID A TIO N  
B EH A V IO R  O F A L O W  ALLOY ST E E L  AT H IG H  T EM PE R A T U R E S
6.1 IN T R O D U C T IO N
In recent times, chemical conversion type surface coatings have been found to 
enhance high temperature oxidation resistance of low alloy steels. Hendiy [55] showed that 
surface nitriding of a mild steel enhanced its oxidation resistance in a simulated boiler flue 
gas atmosphere. Similar improvements in oxidation resistance were found also by Coates, 
et al.[56] for nitrided mild steel, iron, Fe-M o, and Fe-C r laboratory alloys. The 
improvements in oxidation resistance were attributed to the refinement in oxide grain size. 
The scale formed on nitrided specimens was also more adherent to the steel due to the lack 
o f condensation o f vacancies at the metal-scale interface. Simms and Little [54], who 
studied the influence of boric acid coatings on oxidation of 2.25 Cr-1 Mo steel in oxygen, 
showed that the steel covered with a boric oxide (borate) coating gains less weight than 
analogous specimens for oxidation times to 100 hours. No data are available on the effect 
o f phosphate coatings on oxidation. It is the purpose of this chapter to probe the influence 
o f phosphate coatings on steel prepared by phosphoric acid (PA) application and contrast 
the results with the oxidation characteristics found on corresponding bare, clean surfaces.
6.2 R E SU L T S a n d  D ISC U SSIO N
6.2.1 O x id a tio n  K inetics
Plots of weight gain vs. time for the low alloy steel coupons, untreated and coated with 
a phosphate coating using 50% PA solution, are shown in Figure 42 for the temperatures 
750, 825, and 925°C. The treated samples showed lower values of weight gain at all 
temperatures compared to those of the untreated samples. In both the treated as well as the 
untreated samples, oxidation followed a parabolic growth rate. This is given by the 
following equations (of the type AW2=Kt+C)
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Table 9. Parabolic equations representing the kinetics of scale growth at different 
tem peratures.
Temperature No Treatment 50% PA Treated
(acid-pickle-cleaned)
750°C AW2  = 26.87 t -  341
825°C AW2  =49.0 t -29.8
925°C AW2 = 107 t + 25
AW2 = 4.85 t -31.35 
AW2  = 25.61t -246.5 
AW2  = 77.75 t - 176
Using the above equation, a reduction in weight gain of about 56% could be obtained on 
phosphate-coated samples that had been heated at 750°C for 100 hours. This reduction is 
found to be much less at higher temperatures; for example, an equivalent reduction in 
weight gain o f only 17% was obtained on phosphate coated sam ples when heated at
The parabolic growth kinetics (Table 9) indicates an oxidation mechanism that is
diffusion controlled in both the untreated and phosphate-coated conditions. The apparent 
activation energy Q  for the oxidation process [obtained from using the equation: K=K0
exp(-Q/RT) and the slope of the straight line plots of Log K and 1/T, Figure 43] increases 
from 19 (untreated) to 38 kcal/mole (50% PA treated) with the presence o f phosphate 
coating. The general reduction in the weight gain of the phosphate-coated samples, Figure 
42, as well as the increase in the activation energy, points to the barrier effect o f the 
phosphate layers. Specifically, the outward diffusion o f the ferrous ions in the scale seems 
to be decelerated with the presence of the phosphate layer.
6.2.2 P re fe rre d  O rien ta tio n s (PO ) in O xide Phases in th e  Scale
The XRD patterns from thick scale samples removed from the metal surfaces indicated 
strong preferred orientations in the oxide phases. The side view o f the fractured scale 
formed on the untreated LA steel when heated at 925°C for 1 hour shows columnar layers
925°C.
96
with fairly large grain sizes, Figure 44. The XRD pattern o f  the scale from the air-side 
showed generally the peaks only from the (006) and (00,12) planes o f a -F e2 0 3 , Figure
45(b). However, in some cases diffraction peaks from the (108) and (10,10) planes were 
also strong and present along with the dominant peaks from the planes mentioned above. 
This indicates strong FO's o f the (001) and (10,10) types. The XRD patterns taken from 
the other side (the surface of the scale in contact with the metal) indicated a strong PO only 
o f the (111) type in FeO, Figure 46(b). The entire scale, when pulverized and subjected to 
XRD, Figure 47, shows the FeO, F e3 0 4 , and a -F e 2 0 3  phases in the approximate
proportion 70:20:10. Thus, in Figure 44, it is inferred that the thick, bottom-most layer is 
o f FeO and the thin top-most layer is a-F e2 0 3 . The layer o f Fe3 0 4  is located underneath 
the a -F e 2 0 3  layer. From shade differences, it also is possible to infer the presence of 
possibly two spinels, one magnetite and the other the defective magnetite or maghemite (y- 
Fe2 0 3 > above the magnetite layer. Also, in some X-ray diffraction patterns, extra faint 
diffraction lines [from planes (221), (310), (320), (420), (530)] corresponding to  the y- 
F e203  phase were clearly observed. Though the preferred orientation in the spinel layer
was not studied in the specimen shown in Figure 44, such layers could be studied in other 
specimens after manually removing the thin a-F e2 0 3  surface layer and subjecting the rest
of the thick scale to XRD. XRD patterns o f spinel layers in several specimens indicated 
strong peaks corresponding to diffraction from the (400) and (333) planes. Neither of these 
PO's was found alone and the diffraction peaks from the other planes were also present, as 
seen in Figure 48(b), The increased intensities of diffraction from these two sets o f planes 
still indicate a preference of these planes to be laid parallel to the surface in many grains.
Indeed, the morphology of the spinel layer at its top, shown in Figure 49, indicates 
octahedral growth characteristics. Parallel layers, triangular in shape, can be seen in quite a 
few places. Likewise, pyramids formed by octahedra can also be observed. Such pyramids 
have (100) planes parallel to the surface, while the triangular layers are the (111) planes. 
Figure 49 can be thus inferred to show partial PO’s of the above mentioned kinds. Normal
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powder patterns o f tx-Fe2 0 3 , FegCX; and FeO are given in Figures 45(a), 48(a), and 46(a), 
respectively, for comparison purposes.
XRD patterns o f the scales on the mild steel and LA steel samples oxidized under 
similar conditions for similar periods o f  time indicated that possibly more a-Fe2 0 3  forms
in the LA steel than in the mild steel. The XRD patterns o f the scale formed on mild steel, 
taken on the air-side o f the scale, showed a-F e2 0 3  along with magnetite, whereas those 
from the scale formed on the LA steel showed only the a -F e2 0 3  layer. In addition to the 
(006) peak,the (10,10) diffraction peak is strong in such cases where the a-Fe2C>3 layer is 
thin and diffraction from the magnetite layer also occurs. Diffraction from the (119) planes 
coincides with the (10,10) peak. Also, in cases where diffractions from the (10,10) planes 
is strong, diffractions from the (108) planes are also strong, but those from the (110), 
(113), (116) etc. planes are very weak. This leads to the inference that possibly the (10,10) 
PO is obtained only in thin layers of a -F e2C>3 . In cases where the X-rays penetrated down
to the magnetite layer, the diffraction from the magnetite in such samples indicated the 
(400) and (333), i.e ,th e  (100), (111), PO’s.
Table 10 contains a summary of the XRD results on scales from various specimens. The 
table shows that the a-F e2 0 3  layers formed on sandblast-cleaned mild steel and LA steel
have the (006) PO's, are very thin, and allow diffraction from the magnetite layer to occur 
also; however, in this case the magnetite does not have any PO. In cases where magnetite 
did not have PO  and was found along with FeO in the XRD patterns, as in some cases of 
scale formed on phosphate coatings, the FeO did not have any PO either. Hence, it is 
inferred that the FeO and Fe3 0 4  formed on sandblasted steel specimens do not possess any 
PO, but the a-F e2 0 3  acquires the (006) PO.
Similar POs in a -F e 2 0 3  layers formed on oxidized samples have been reported by 
other scientists [157-162], Yearian, et al.[157] have reported the (110) and (111) POs in 
the spinel phases formed on stainless steels with 18% Cr and 18%Cr-8%Ni by heating at 
700°C. Svendung and Vannerberg [158] reported PO in the a-Fe2 0 3  crystals o f the (001)
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type on Si-alloyed (up to 5%) pure iron formed at 900°C and 1000°C, but o f the (110) type 
for samples form ed at 800°C, and none at 500 and 625°C. Moseley, et al.[159], also 
observed the PO in a -F e 2 0 3  crystals on dilute iron-silicon (<lw t.% ) alloys but o f the 
(hOO) type when they were produced by oxidization in CO2  at 900°C, and of the (110) type 
at 800°C and (001) type at 1000°C when oxidized in an environment containing 0.002 atm. 
o f oxygen. Obviously, the temperature and the oxidizing environment play a role in 
determining the type o f PO. The results obtained in the present study indicate a (001) type 
orientation is producedat high tem peratures(>900°Oor after a long time exposure at low 
temperatures on the very top layers. It appears that the (110) prism planar as well as the
( 10,10) planar orientations are obtained at lower levels in succession where the magnetite 
(spinel) structure changes to the structure o f a-Fe2 0 3 .
6.2.3 P h o sp h a te  L ay e r in th e  Scale
SHM and EDS analyses of the LA steel coated with the phosphate by application of 
25%  PA and heated at 925°C for 12 hours, revealed the presence o f thin phosphate islands 
very close to the metal surface, but buried underneath the scales. The thick scale above the 
phosphate layer peeled off easily, leaving whitish patches on the surface. Figure 50 shows 
the phosphate layer (shiny white) in the lower levels adjacent to the metal surface. EDS 
analysis indicated the presence o f phosphorus at the various locations A, B, and C 
indicated in the lower levels of the granular zone. However, no phosphorus was detected in 
the columnar region at the point D indicated. Also, the presence o f  large amounts o f 
phosphorus in the whitish patches was recorded. The white powder analyzed to be 
essentially iron ortho-phosphate (FePC>4 ) in IR patterns, Figure 51. Closer examination of
the white phosphate patches with the SEM indicated a powdery, highly porous deposit, 
Figure 52. On the contrary, the initial phosphate coating laid on the steel surface appeared 
as a sedimentary deposit with no large scale porosity (Figure 53). It also analysed in XRD 
(Figure 54) and IR (Figure 51) evaluations mostly as an amorphous phosphate, mixed with
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either crystalline acid-phosphate (for low PA concentration) or ortho-phosphate (for high 
PA concentrations). The latter results are in conformity with the results obtained by Meisel, 
et al. [163] and Berry et al. [164].
The phosphate islands themselves were found to be embedded on a thin sheet-like 
scale, which itself could be peeled off easily from the metal surface. A black granular type 
oxide prevalent in the thin sheet as well as on the metal surface was found to be FeO.
The coated samples heated at 750°C gave rise to a non-adherent scale at the early stages 
o f oxidation, whereas the adhesion of the scale to the metal surface was found to be 
enhanced considerably with an increase in the PA concentration used,the oxidation time and 
the thickness of the scale. Similar observations could be made after oxidation at 925°C as 
well. The scales formed at high temperatures after long exposure times (over 20 hours) 
were considerably tighter and adherent.
6.2.4 E ffec t o f  P h o sp h a te  C oatings
It is found that the scale forms fine-grained, equiaxed granular crystals of FeO adjacent 
to the phosphate layer. Initial oxidation appears to start underneath the phosphate coating, 
aided by migration of oxygen through the pores and cracks in the coating. The phosphate 
layer embedded in the scale does not have any oxide of iron entrapped in it. However, the 
granular texture o f iron oxide (FeO) is found to be continued above the phosphate layer as 
well. This implies not only vastly enhanced nucleation for oxide in the presence of 
phosphate, but perhaps also faster diffusion of ferrous ions through the scale formed in the 
cracked regions of the phosphate layer than through the phosphate itself and the eventual 
extension o f the iron oxide above the phosphate layer in a lateral direction burying the 
phosphate island. The amount o f granular, equiaxed crystals formed was found to depend 
on the concentration o f the PA  solution used in preparing the phosphate coatings. In 
coatings prepared with the 5%  PA solution very minimal amount o f  granular FeO was 
observed and heavy PO's as on untreated samples prevailed above the phosphate layer.
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Figure 55 shows the sectional view o f the scale formed on the phosphate coating prepared 
with the 50% PA solution after heating at 925°C for 33 hours. The scale is about 50% 
granular (lower part) and 50% columnar (upper part), the two zones being separated by 
large cavities (voids). The voids are inferred to be due to condensation o f vacancies at the 
interface between these two zones. The specimen coated with 25% PA and heated at 925°C 
for 12 hours showed about 75% granular oxide (lower) part and 25% columnar crystals 
above the granular zone, Figure 50. The granular zone underneath the columnar crystals is 
found to be full o f tiny voids.
6.2.5 Morphology and growth Characteristics of the Oxide Phases in the 
Scale
The morphological features and the growth characteristics o f the various oxide phases in 
the scales produced can be described as follows:
a) FeO grows more as cubic crystals in granular zones(Figure 56), but as fused 
layers parallel to the surface or as thick block crystals in a columnar growth 
pattern .
b) Fe3 0 4  grows as octahedral crystals in the granular zone. In fractured surfaces, 
layers stacked parallel as well as perpendicular to the surface have been seen in different 
samples in the spinel zone. It is hence inferred to grow in stacks of layers laid either 
parallel to the surface or perpendicular to the surface, having either the {333) ,{400}
PO’s and the {400)PO, respectively (Figure 49).
c) a-Fe2 0 3  grows in layers either parallel or perpendicular to the surface. If  the 
layers are thick, the top surface appears as a sedimentary layer. If  the layers
are very thin they become grouped together in bunches and they appear as bunches 
of hair (Figure 57). Alternatively, the a-Fe2 0 3  crystals grow also as thin rods
stacked in bundles, the rods growing perpendicular to the surface (Figure 58).
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d) The equiaxed crystals in the granular zone grow bigger in size at certain levels 
away from the metal-scale interface and fuse into sheets or bulkier crystals 
from which growth of columnar crystals with PO seems to start (Figure 59).
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Figure 42: Plots o f weight gain vs. time for low alloy steel coupons heated in air at 
750, 800, and 925°C for different exposure times.
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Figure 43: Plots o f log K Vs. */t  for low alloy steel coupons treated with 50% PA as 
well as for untreated ones.
Figure 44: SEM side view micrograph o f scale formed on low alloy steel heated at 
9 2 5 <>C for 1 hour (1000X). Micrograph shows constituents of the scale.
104
CK*-Fe2 0 3
( 1 0 4 )
( 1 6 9 )
o
0.50 .
UJ 0.32 .
H
U o . i e .
< o .o a .
OS
iu 0.02 .
tu
Q
>
H S B o .
if)
Z
1.62 .
UJ 1 . 2 a .
H
z 0.38 .
0.72 -
0.E0 -
U!
DC 0.32
0.18
0,00
0.02
TUTU
( 0 0 6 )
J J
■it/. J ”
^ - F e ^ O o  
w ith '  PO s
( 0 0 , 1 2 )
—* P >
2 6  ( C u  Ka >
o u . w
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(b) as compared with random orientation pattern of a -F e 2 0 3 (a).
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Figure 46: XRD patterns of FeO with preferred orientation of {111) in (b) as compared 
with random orientation pattern in (a).
106
x ]  0 '
i .  nn
D.D1
1U7S BOTDi
2 0  ( C u  K ^ ) y
Figure 47: XRD pattern of the scale formed on low alloy steel heated at 925°C for 1 
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Figure 49: SEM micrograph of Fe3 0 4  octahedral crystals formed on low alloy steel treated with 
50% FA and heated at 925°C for 33 hours (750X).
Figure 50: SEM micrograph of low alloy steel coated with 25% PA and heated at 925 
C for 12 hours (650x).
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Table 10: Summary o f X-ray diffraction results Tor the low alloy steel and the mild
steel samples, treated or untreated with PA solutions and heated for different times and 
temperatures, and air cooled to room temperature.
a )  H e a t i n g  T e m p e r a t u r e  = 7 5 0 °C
STEEL TREATMENT HEATING
TIME
PHASES OBSERVED 
WHEN X-RAYED FROM 
THE TOP
PREFERRED 
ORIENTATION 
IN PHASES
LAS NONE 2 . 5  HOURS a  i H NO
/ / / / 153-5  / / / /
/ /
/ /
/ /  / /
H e a t i n g  T e m p e r a t u r e
/ /  / /  FC 
= 8 2 5 °C
/ /
MS Acid  P i c k l e d 2 . 0  HOURS <X,M ( 0 0 6 )* , ( 1 0 , 1 0 ) a 
( 1) 0 0 ) M ,  ( 3 3 3 )m 
( p a r t i a l  f o r  
b o t h  p h a s e s )
H e a t i n g  T e m p e r a t u r e = 925°C •
LAS 5 % PA 5 0 . 0  HOURS a/V (oofi)*
/ / 25* PA 1 . 0  HOUR or ( 006)
/ / / / 2 0 . 0  HOURS a  , m NO
/ / / / / /  ( b o t t o m  3 l d e )  a , M ( 0 0 6 )* , ( 1 0 , 1 0 ) *
/ / / / / /  FC a , M ( 0 0 6 ) *
/ / none 1 . 0  HOUR a (006),*
/ / / / 2 . 0  HOUR Ce (006)*
/ / / / / / ( q u e n c h e d i n  0-85* pA) a  ( 0 0 6 )q
MS Ground / / a , M ( 006)*  , ( l |00)M
/ / A cid  P i c k l e d / / a . M ( 0 0 6 )* , ( 4 0 0 ) m 
( 3 3 3 )„
/ / Sand B l a s t e d / / a , M { 0 0 6 )Q , ( 10 ,10)*  
NO i n  H
LAS Ground / / a ( 0 0 6 )q
/ / Ac id  P i c k l e d / / a ( 006 )*  ,  ( 1 0 ,1 0 ) *
/ / Sand B l a s t e d / / a , H ( 0 0 6 )  NO i n  M
d) H e a t i n g  T e m p e r a t u r e  = 1025c C
MS Ac id  P i c k l e d / / Cc (006)* , ( 0 1 8 )* ,
( 1 0 , 10 )*
LAS = Low Alloy Steel 
MS = MUd Steel 
FC = Furnace Cooled
PA = Phosphoric Acid 
M = Magnetite 
a= a-Fe2C>3
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Figure 51; Infrared spectrum o f whitish phosphate layer formed on low  allow steel 
sam ple coated with 50% PA and heated at 925°C for 8 hours. This spectrum indicates 
that the phosphate is in the form of FeP0 4 .
Figure 52: SEM micrograph of low alloy steel treated with 50% PA and heated at 
9 2 5 ° C for 8 hours (5300X). Micrograph shows the porous nature or the phosphate 
(w hitish) layer.
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Figure 53: SEM micrograph of low alloy steel coupon treated with 25% PA and heated 
at 925°C for 2 hours (1000X),
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Figure 54: XRD pattern of low alloy steel coated with 50% PA (XRD is taken prior to 
heating)
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Figure 55: SEM micrograph of scale formed on low alloy steel treated with 50% PA 
and heated at 925°C for 33 hours (250X).
Figure 56: SEM micrograph of FeO crystals formed on low alloy steel heated at 925°C  
for one hour (15000X), seen after removal o f the scale from the surface.
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Figure 57: SEM micrograph of a - F e 2 C>3 crystals formed on low alloy steel treated 
with 50% PA and heated at 925°C for 8 hours (2000X).
Figure 58: SEM micrograph of a -F e 2 C>3 crystals formed on low alloy steel heated at 
925°C  for 2 hours (1500X).
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Figure 59: SEM micrograph of the broken scale formed on Low Alloy Steel treated 
with 50% PA and heated at 925°C for 33 hours (1000X) (same as Figure 55 but at 
higher m agnification).
CHAPTER 7
C U M U L A T IV E  D ISC U SSIO N
Magnetite is one of the important iron oxides in terms of its applicability in electronic 
appliances. Application o f  magnetite in magnetic recording tape by far exceeds its other 
possible applications in the area of corrosion control. Formation o f magnetite in boiler 
tubes that is adherent and protective is o f  interest to the power generation industry. 
Magnetite as a coating on the surface of structural steels can be made to protect the steel 
from atmospheric corrosion if its structural transformation can be prevented or delayed. It 
would, hence, be o f interest to learn the conditions under which it would form as a dense 
adherent coating and stay protective of steel without undergoing any phase transformation.
7.1 FO R M A T IO N  O F M A G N ETITE
Magnetite is seen to form on the surface o f  steel at different temperatures ranging from 
room temperature to temperatures above 570 °C under different experimental and field 
conditions. At room temperature, magnetite formation results from slow aerial oxidation of 
green rusts and/or dehydration of F e(II)i -F e (III)2 -(O H )6  com plex [35]. Under 
atmospheric conditions the corrosion product o f steel structures are mainly oxyhydroxides 
of iron like a ,  p, y, 5-FeOOH, and magnetite is only seen to form at the metal-rust 
interface below the air exposed, powdery, oxyhydroxides. Literature data indicate limited 
access o f oxygen to the steel substrate as an essential requirement for the formation of 
magnetite. However, results o f this investigation prove to the contrary. Results o f 
experiments performed on steel coupons at room temperature in the fog (humidity) 
chamber, where large amount o f oxygen was present, showed magnetite as the main 
constituent o f rust even on the air contact surface o f the rust layer. Results o f continuous 
fogging and cyclic fog testing with 28 minute wetting and 2 minute drying in repeated 30
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minutes cycles produced magnetite as the major constituent. These results indicate that the
presence o f oxygen at room temperature is more tolerable under wet conditions once the
magnetite is formed under fast oxidative conditions. Based on these results, it appears that
so long as the rate of oxidation o f iron at the anodic sites where ferrous ions are produced
exceeds the reduction rate o f ferrous ions to ferric ions, magnetite could form and stay
stable. Ardizzone, et al. [67] arrived at the same conclusion by comparing the effect o f 
oxidizing agent concentration (NH3 0 H+/Fe2+) on the defectivity o f the magnetite formed
in aqueous solution using sodium acetate as the buffer solution. Their results indicated that 
the ideal composition of Fe3 C>4 is best approached from a more dilute sodium acetate 
solution. Specifically, the stoichiometry o f magnetite precipitated from 0.1 mol/dm^ 
AcONa is almost unaffected by increasing the oxidizing agent up to twice the stoichiometric 
value calculated on the basis o f reaction (17). In contrast, in the case o f 1 mol/dm^ AcONa 
solution the magnetite defectivity undergoes a continuous increase as the relative amount of 
the oxidizing agent increases.
At high temperatures (temperatures above 570 °C), magnetite forms on top of the FeO 
phase but,has a-F e203  above it. The mechanism o f oxidation in this case is different than 
for the one in aqueous corrosion. A t high temperatures, metal oxidizes to metal oxide by 
two half reactions: 1) M—>Mn++ne- at the metal side and 2) 1/2 0 2 +  2e“—> 0 2‘ that takes 
place at the scale/gas interface. Scale in this case must serve as both an electrolyte through 
which ions diffuse and as an electric circuit for the passage of electrons. Usually outward 
diffusion o f metal ions occurs in preference to diffusion o f the larger oxygen ions or 
hydroxyl ions inward. In high temperature oxidation, limitations in oxygen diffusion from 
the atmosphere to the FeO phase and partial reduction of ferrous ions to the ferric form 
cause the formation o f Fe3 0 4 . A t such high temperatures, ferrous ions form at an 
extremely fast rate, whereas depletion o f ferrous ions in the reduction process to ferric state
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takes place at much slower rates. These incompatible reaction rates lead to the formation of 
Fe304. However, on the surface, a thin layer of a-F^O-^ containing only the Fe^+ ions
is always formed. Literature data indicate the presence o f a 3 layer scale formation 
consisting o f  FeO, Fe3 0 4 , and a -F e2 0 3  on steel coupons heated at temperatures above 
570 °C in oxidizing conditions. The present investigation substantiates this. In addition, 
both the scanning electron microscopic examination and X-ray diffraction analysis 
performed on the two types of steels oxidized in this investigation indicated that a thin layer 
o f y -F e2 0 3  is possibly present on top o f Fe3 0 4 , but below the a -F e 2 C>3 layer.
Therefore, it can be stated that scales formed on steels at high temperatures (temperatures 
above 570 °C) contain FeO, Fe3 0 4 t y-Fe2 C>3 , and a -F e 2 0 3  layers in succession from 
the metal side. Between the Fe3 0 4  and y-Fe2 0 3  layers a gradual transition zone containing 
defective spinel phases with varying amounts of defects (cation vacancy contents) is 
possible.
7.2 ST A B IL IT Y  C R IT E R IO N  IN  M A G N E T IT E
Results o f water fog test performed both at room temperature and at 120 °F  indicated 
that magnetite forms under highly wet conditions. In cyclic experiments, as the duration of 
drying is increased (using less wetting time, such as 25 minutes wetting and 5 minutes 
drying), magnetite was not found and instead the defective spinel phase or maghemite was 
found to be the major form of rust that was stable. Field observations made on the identity 
o f iron oxide phases formed on steel structures in the crevices between gusset plates and L- 
beams indicated the presence of magnetite. Literature data indicate extremely slow transition 
o f magnetite to maghemite over very long periods of time under slow oxidative conditions. 
For example, Leidheiser, et al. [121] found maghemite in a 25 year old rust and Wolski 
[89] found maghemite to be the dominant phase present in the iron couplers o f an old
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wooden water pipeline which had been buried in the soil from around the 17th century. All 
these data confirm that a moist environment and fast rusting kinetic conditions under slow 
ferrous to ferric oxidative conditions must be present to have magnetite formed under wet 
conditions. However, the same wet conditions could enable it to transform to the ferric ion 
containing rust phases, y-Fe2 0 3 , y*FeOOH, a-FeO O H , etc. through subsequent
electrochem ical oxidation processes. If w ater (wet condition) is not present, the 
transformation to the ferric form would be very, very slow at room temperature, as it 
would depend on the direct reduction of oxygen in air. The y-Fe2 C>3 formed on it’s surface 
would also insulate and passivate it and thus retard the further transformation of magnetite.
7.3 Phase Transformation In Magnetite
Protectiveness of the magnetite phase is controlled by the amount of defects, such as 
vacancies. These defects cause the composition of magnetite to shift from the stoichiometric 
value (Fe3 0 4 ) to other non-stoichiometric ones. In this work, defects were introduced in 
magnetite through thermal oxidation o f magnetite and by m ixing non-stoichiometric 
porportions o f  essential chemical compounds used for the formation o f magnetite through 
wet chemistry. Defective magnetite is generally shown as Fe3 -yC>4 , where y represents the 
amount o f cation vacancies present in the magnetite phase and the limiting value o f y 
(=0,33) corresponds to 2.67 vacancies per unit cell that represents the composition of 
maghemite. Alternatively, it is represented by the formula Fe2+3xFe^+2-2x(fv)0.25-x O3 
where x varies between 0 and 0,25 and (fv) represents the cation vacancy. The magnetite 
and maghemite are only the final forms of a broad variety of spinel type iron oxides with 
different vacancy densities. Intermediate spinel compositions with various amounts o f 
intermediate defect contents between 0 to 2.67 vacancies per unit cell (defective magnetite) 
are proven to exist.
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Eventually, magnetite transforms to hematite because hematite is the most stable form 
o f iron oxide. This phase usually results from the heating o f steel or iron oxides at very 
elevated temperatures,or it is formed slowly in geological times at room temperatures. For 
instance, iron couplers used in underground pipelines from the 17th century studied by 
W olski [89] showed hematite to be a dominant iron oxide phase present. Results o f this 
investigation (presented in chapter 6) also showed the presence of hematite as a constituent 
o f scale formed on steel surfaces heated at 750, 850, and 925 °C.
Crystal structures of magnetite and maghemite are similar and their lattice parameters are 
so close that in older publications only the appearance of Fe3 0 4  is reported. But this does 
not mean that maghemite was absent. Similarity in crystal structures o f these two iron 
oxides leads to nearly identical X-ray diffraction patterns. Only a tedious procedure 
involving calculation o f precise lattice parameter would enable one to identify the presence 
o f maghemite. Although there are some faint lines in the XRD patterns o f maghemite that 
are absent in that o f magnetite, the intensities of these extra lines are so low that they are 
barely detectable. In this work, it was possible to detect some o f these extra lines 
corresponding to diffraction from planes including (221), (310), (320), (420), and (530) in 
some XRD patterns o f samples heated at 925 °C for different times. The SEM micrographs 
o f a few samples indicated also the presence o f a fourth phase in the layered rust. 
Therefore, it was concluded that the sequence o f iron oxides in the scale formed at 
temperatures above 570 °C is FeO /Fe304  /  y-Fe203/ a-Fe2 0 3 , instead o f FeO /F e304  /  
a-Fe2 0 3  as given in the literature.
In order to further confirm the presence o f maghemite, the phase transformation o f 
magnetite was closely monitored by thermal oxidation o f commercial magnetite powder at 
tem peratures o f 150, 300, 500, 600, and 700 °C for various lengths o f times. As 
mentioned earlier, XRD would not readily differentiate between magnetite and maghemite;
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therefore, the IR spectroscopy technique was developed as a quick analytical procedure to 
study the gradual phase transformation of magnetite to maghemite and hematite. Using the 
IR technique, one would be able to  identify the presence o f maghemite from its IR 
spectrum in the corresponding sample. Based on a correlation between the lattice 
parameters obtained from XRD data and the cation vacancy contents in the two end spinels, 
relative amounts o f vacancies or cation deficiencies present in the spinel phase in the 
different heated samples were established utilizing their precise lattice constants measured 
from XRD.
XRD results o f this investigation confirmed previous findings o f other investigators 
who measured the lattice parameters of magnetite and maghemite. According to these 
results, values o f 8.393 A (no defect) and 8.336 A (2.67 vacancy per unit cell) were 
assigned to lattice parameters o f magnetite and maghemite, respectively. The cation 
deficiency content o f spinel phases in various oxidized samples were obtained from their 
"a" values, and these different defect contents were then assigned to the corresponding IR 
absorption bands shown in Figures 20-23. As the content o f the cation vacancies was 
increased, the IR band located at 570 cm" 1, was found to shift toward the band location at 
620 cm-*, which is the location of the band for maghemite. In addition, the IR band at 390 
cm"* started to become a doublet as the extent of oxidation increased and eventually this 
band was eliminated, resulting in the formation of a new band at around 450 cm-* which is 
assigned to hematite.
Different magnetite samples containing various amounts of defects formed through wet 
chemistry also showed similar variations in IR patterns. However, incorporation of large 
interstitial cation Na+ from the buffer solution used to prepare these samples caused some 
interferences in the IR patterns. Specifically, patterns C-F in Figure 24 that correspond to 
various weight ratios of hydroxylamine to ferrous ions (R=0.5, 0.66, 0.83, and 1.0)
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showed strengthening in the intensity o f the IR band at 400 cm- *, but the major band at 
570 c m 'l was still shifting toward 620 cm'^> which was in harmony with results obtained 
in the IR patterns o f thermally oxidized samples. It should be noticed that the sample 
heated at 150°C for 10 months (Figure 25-1) did not show any hematite formation. 
Therefore, it was concluded that maghemite is stable at 150°C and below for a long period 
o f time. Thus, the IR analyses of several o f these heated or synthesized magnetite samples 
yielded valuable IR patterns that can be correlated to defect contents. Obviously still more 
work and precise analyses are needed in this area.
Similarity in the crystal structure of magnetite and maghemite makes interconversion of 
these two spinels very affordable. However, hematite has a hexagonal crystal structure and 
it would require more energy for the conversion o f face centered cubic maghemite to 
hexagonal closed packed hematite. It can be postulated that the transformation involves 
partial dislocation motion on every second alternative oxide layers in opposite directions. 
This gives rise to stacking faults which results in the change o f the stacking sequence of
oxide layers from  A B C A B C A B C   in face cen tered  cubic m aghem ite to
ABAB ABAB sequence in the hexagonal-close packed hematite, i.e. the transformation
would be similar to the one in the element cobalt where martensitic transformation converts 
FCC Co to HCP Co by a similar mechanism.
7.4 Passivation of Magnetite
The present work described in chapter 5 indicates that magnetite is passivated when its 
potential is shifted in the more positive direction. The passivation leading to lowering of 
current density is inferred to be due to the formation of y-FeOOH or y-Fe2 C>3 (ordered
maghemite) layer on the surface of magnetite. If, instead o f these phases,defective spinel 
phases would form, the material would still be conductive and continued transformation of
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magnetite to defective spinel can proceed. If* however, defective maghemite (defects totally 
disordered and containing very limited amount o f  Fe^+ ions) is produced, it would still 
lead to a reduction in the transformation rate owing to its lower conductivity. In this case, 
the passive state with the higher current density is postulated. Formation of a-F e2 0 3  is
not probably taking place, for if  it were formed in the passive layer, it would not be 
reduced further and undergo degradation. The breakdown occurring at around +1200 mV 
is possibly due to the reduction o f  these surface passive films and introduction of some 
Fe^+ions in the layers, and indeed the current goes through zero in a few instances. 
Alternatively, tem porary form ation o f Fe^+ ions through oxidation in the passive 
film could be’proposed, which also would lead to breakdown and the current flow through.
It would be interesting to pursue this passivation phenomenon further, for in it lies the 
innate ability to prevent not only the growth o f the magnetite phase but to stop it from 
transferring to other phases at room  temperature as well. This happens perhaps when 
oxidizers or oxidizer-type inhibitors are used. A t any rate, the practical aspect of 
passivating the freshly formed magnetite film and keeping it in the passive state would be 
of considerable interest in the power generation area (for preventing excessive corrosion in 
boiler tubes). It might be o f interest in electronic applications wherever magnetite is being 
used and its degradation is not desired. Obviously, much further work is needed in this 
area. Just as for the passivation mechanism, the causes for depassivation and the 
depassivation mechanism need to be precisely defined as well.
7,5 Stability of Atmospheric Magnetite
Finally, the following can be postulated for the stable presence o f magnetite in the 
crevice areas in bridge structures.
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(i) The magnetite must have formed due to continuous wet conditions and a fast rusting 
process under covered, slow oxidizing conditions.
(ii) The magnetite would at a certain time completely cover the crevice and start exerting 
pressure on the steel surfaces and would itself experience compressive stresses. It is not 
known how the compressive stresses would affect its transformation characteristic. The 
magnetite found in such crevice locations is found to be well crystallized with very little 
cation deficiency-type defects. This indicates that the compressive stresses could be one 
factor preventing its transformation to defective magnetite or to maghemite.
(iii) It can be postulated that the magnetite itself is held stable because o f (a) possibly 
dry conditions prevailing, and (b),due to its dense-packed nature possible lack o f oxygen 
diffusion (It is heavily compressed and found as a piece o f rock). Under dry conditions 
phase transformation o f magnetite can occur only through direct oxidation precess, i.e. 
electrons being used to reduce oxygen in air, which is very slow at room temperature under 
dry conditions.
(iv) If  the magnetite gets oxidized to maghemite through a slow electrochemical 
oxidation process, then the latter can be maintained without further decomposition under 
dry conditions. The transformation characteristics o f y-Fe2 C>3 under wet conditions have 
not been established in this work. It can, however, be postulated that it changes to y-
FeOOH through incorporation o f hydrogen into the lattice and formation o f the H-bond 
between oxide ion layers. Also, the conversion mechanisms of y-FeOOH to y-Fe2 C>3 or to
a-FeOOH are not well documented.
7.6 Fe3 C>4 -y-Fe2 0 3  Electrode Couple
Since y-Fe2 C>3 forms in electrochemical oxidation tests on the magnetite electrode, it is 
possible that a difference of electrode potential between these two components prevails in
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which the magnetite can be considered to be the less noble one. Under wet conditions, it is 
possible to have the magnetite converting to defective magnetite or Y-Fe2 0 3 , not enlarging
the already present maghemite layer, but occurring on the other end of the couple away 
from the interface, as shown in Fig,60(c). This would explain the linear increase of current 
density with an increase of potential seen in the transpassive region, as an ohmic resistor. 
If the defect-ordered maghemite layer already present were to grow, the impedance could 
increase leading to a deceleration o f current flow. The cathodic reduction would be the
normal oxygen reduction (2 H2 O + C>2 +4 e- -------->4(OH)" ) process. The downward
growth o f the Y-Fe2C>3 layer on top o f magnetite , as shown in Figure 60 (b), can occur, 
however, after the total degradation o f the surface layer and incorporation o f some Fe2+ 
ions into it, as has been proposed in this work.
P a s s i v e  L a y e r
Y-Fe2C>3
WET F e _ 0 .3 4
P a s s i v e  L a y e r
_  .  . y - F e 2 0 3 ( D e f . ) --------
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F e . O .  >'3 4
Fe 03 4
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Figure 60: Schematic diagram showing the possible locations where magnetite transformation 
could continue after the passive layer breakdown.
CHAPTER 8
CONCLUSIONS
1. Defects are introduced in magnetite upon heating, when it gradually oxidizes 
to
Y -F e203 .
2 . y-Fe2 0 3  forms more quickly from magnetite at higher temperatures than at 
those close to room temperature. At 150°C, the y-Fe203 formed was very 
stable and no a -F e2 0 3  was found even after 10 months.
3. a -F e 2 0 3  seems to nucleate in y-Fe203 or in defective magnetite; direct 
conversion o f  defect-free Fe3 0 4  to a -F e 2 0 3  does not seem to take place.
4. The activation energy for the transformation o f  F e304  to a defective form 
containing about 1.82 cation vacancy per unit cell (i.e. about 11 vacancies per 
six unit cells) was calculated to be 8.5 kcal./mole.
5. Infrared spectroscopic patterns o f defective spinels can be used for the 
assessment of approximate cation deficiency contents in the lattice. 
Defective spinels with at least seventeen different vacancy contents are 
found to be possible (varying in steps o f 1 from 0  to 16 in six unit cells) and 
the IR patterns o f ten o f these are recorded in this work.
6 . Pack rust in the crevices and other hidden locations of bridges is made up 
mostly o f magnetite, with some a-FeO O H  in some o f the regions. a-FeO O H  
only seems to occur in the peripheral, air-exposed, or fully aerated regions. 
Some y-FeOOH is possible on freshly formed rust, especially on its surface.
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7. Continuous fogging and cyclic fog testing with 28 minutes wetting and 2 
minute drying in 30 minute cycles produce magnetite as the major 
constituent. Along with magnetite, presences o f considerable amounts of a -  
FeOOH and y-Fe2C>3.H20 (y-FeOOH) were also noticeable, after long 
exposures.
8 . As duration o f drying increased, magnetite was not found and instead 
maghemite (y- Fe2 C>3 ), or defective magnetite, was found to be the major 
form o f rust. Therefore, it is concluded that magnetite is not stable in an 
oxidative environment and it transforms (oxidizes) to defective magnetite or 
to y-Fe2 0 3  and to y-Fe2 0 3 H2 0 .
9. Similar results were obtained in water fog tests performed at room 
temperature and at 120°F.
10. Thick magnetite electrodes are passivated by an oxidation process at all pH 
levels in both 0.1M K2 SO4  and 0.1M NaCl solutions.
11. X-ray diffraction patterns taken at the end o f  oxidation experiments indicated 
the transformation of Fe3 0 4  to defective y-Fe203. This transformation is 
believed to be the cause o f passivation.
12. Regardless o f the type and the pH  o f the electrolyte used in this study, 
passive films o f  y-Fe203 (or y-FeOOH) breakdown electrically at 
potentials near +1200 mV (SCE).
13. Defects play an important role in the passivity o f magnetite. The current 
density in the passive state produced by either y-FeOOH or ordered 
maghemite was about 0.2 pA /cm ^, whereas that produced by defect- 
disordered y-Fe2 0 3  was about 440 p A /c n A
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14. Air oxidation of magnetite under conditions relatively similar to the ones 
prevailing in the atmosphere leads to the transformation of magnetite in large 
quantities to defective y-Fe2 0 3 , but not to y-FeOOH in large quantities. 
However, surface thin films of lepidocrocite could form, underneath which 
large amounts o f maghemite could prevail.
15. A new reductive passivation was seen to take place on the surface of 
magnetite electrode reduced at the rate o f 0.01 mV/sec in the sulfate solution 
at around neutral pH. This reductive passivation could be due to the 
formation of a thin Fe^+containing intermediate rust phase.
16. Neither oxidative nor reductive dissolutions of ferrous and ferric ions were 
observed to occur in the sulfate or chloride solutions used at different pH's in 
the electrochemical experiments undertaken.
17. Phosphate coatings reduced the weight gain of a low alloy steel by 56% and 
16% at 750°C and 925°C, respectively, for a 100 hour oxidation.
18. The activation energy for the overall oxidation of phosphate coated low alloy 
steel specimens treated with 50% phosphoric acid was about twice as large 
as that for the untreated ones.
19. The samples formed scales containing FeO, Fe3 0 4 , and a -F e 2 0 3  in 
successive layers from the metal side, all of them showing preferred 
orientations in the untreated cases (about 75% FeO with (111) PO, about 
20% Fe3 0 4  with (400) and (333) PO's, and about 5% a -F e 2 0 3  with (006) 
and (10,10) PO's). Presence of a subzone o f y-Fe2 0 3 t atop Fe3 0 4  and 
immediately below oc-Fe2 0 3 , could also be documented.
20. Phosphate coatings lead to refinement of grains o f the oxide phases and to 
fine grained granular zones next to the metal surface on top o f which the 
massive, colum nar zone developed. The thickness o f the granular zone 
increased with increasing concentration o f the phosphoric acid used.
21. The phosphate layer becomes buried underneath the scale layers formed by 
oxidation and found close to the metal surface on top o f a thin FeO layer. 
The latter grows over the phosphate layer too.
22. During practical corrosion processes o f iron or steel, oxidation o f magnetite to 
maghemite and to defective spinel phases could dominate under oxidative 
conditions, and the reduction o f magnetite would not occur. The reduction of 
lepidocrocite or maghemite to magnetite may occur only at the initial stages. 
The defective spinel phases (and maghemite) may change over to 
lepidocrocite, which itself is stable only for short durations, before the final 
stable form goethite (at low temperatures) and hematite (at high 
temperatures) are produced over a slow process o f transformation. The 
transformation o f  maghemite to hematite is not complete even after 2  hours 
at 900°C,
23. Passivation can be induced on freshly forming magnetite layers (films) by 
suitably polarizing them in oxidative solutions, or by use o f suitable 
inhibitors. Such passivation would control the magnetite growth rate and/or 
prevent its transformation, thereby providing better corrosion protection 
capacity for magnetite films formed on steel surfaces.
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